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OBSERVING WATER VAPOUR AND OZONE 
IN THE TROPICAL UTLS W ITH THE MIPAS 

INSTRUM ENT ON ENVISAT

H a rjin d er  S e m b h i  

A B S T R A C T

In this thesis, the potential to observe the distribution of water vapour (H2 0 )  and 

ozone (O3 ) in the tropical upper troposphere and lower stratosphere (UTLS) from an 

atmospheric limb sounding spectrometer is assessed. Vertical profile data retrieved 

operationally from observations from the Michelson Interferometer for Passive Atmo

spheric Sounding (MIPAS) are examined under “clear sky” and thin cloud conditions. 

In the tropical UTLS, the distributions of these two naturally occurring im portant 

climate gases are characterised by sharp gradients through a cold tropopause. This in 

combination with the high occurrence of cirrus clouds in this region, makes accurate 

“clear sky” satellite observations difficult to achieve.

The impact of clouds on MIPAS measurements is quantified by simulating the effects 

of tropical UTLS cirrus clouds into MIPAS H20  and O3 retrievals. It is found tha t 

clouds in the MIPAS line of sight can lead to a systematic positive bias in MIPAS 

H20  measurements and an increase in random retrieval error for both H20  and O3 . It 

was also found th a t cloud errors can propagate into the “clear sky” profile above the 

cloud altitude. Recommendation for improvements to the operational cloud filtering 

methods of tropical MIPAS H20  and O3 are proposed.

Comparisons of MIPAS H20  and O3 screened with the proposed cloud filtering 

schemes, to correlative in situ and solar occultation data  suggest tha t improved fil

tering improves the agreement. However, MIPAS H20  and O3 data quality remain 

limited by the increased retrieval uncertainty near the tropopause.

Finally, the seasonal variability of the tropical cloud filtered MIPAS H20  and O3 

through the tropical UTLS is examined. Regional analysis reveals possible evidence 

of upper tropospheric O3 enhancements and monsoon effects. The results show that 

MIPAS can sufficiently sound the tropical UTLS region.



ACKNOW LEDGEM ENTS

First and foremost, I would like to acknowledge my supervisor, Dr. John Remedios, 

for giving me the opportunity to conduct this research with the Earth Observation 

Science group and for many insightful discussions, much appreciated guidance and 

encouragement for the duration of this project.

I would also like to thank the MIPAS QWG team, particularly Piera Raspollini and 

Ugo Cortesi who have contributed to this work through their collaboration and exper

tise. A special mention also goes to Reinhold Spang, Alison Waterfall, Anu Dudhia, 

Larry Miloshevich, the Remote Sensing group at RAL, and countless members of the 

SCOUT-03 community (particularly those at the 2005 aircraft campaign in Darwin) 

for invaluable scientific discussion and educating me on many aspects of their work.

This project would not have been possible without UK NERC funding and provision 

of MIPAS data  by ESA. The NASA HALOE and SHADOZ groups must also be 

acknowledged for instructions and provision of HALOE and SHADOZ data. Finally, 

thanks to Peter M innett and Liz Williams of the University of Miami for giving me 

access to data  collected on the Explorer of the Seas Laboratory.

The last four years have been unforgettable and despite the late nights in the office, 

many disagreements with IDL and countless conference shenanigans, I have enjoyed 

every moment! Thanks to all of the past and present members of the EOS group who 

have im parted their scientific (and Ph.D.-related) wisdom, guided me through Latex 

and trusted me with their library books (despite my reputation as the notorious EOS 

book-thief). Thanks also to Tina, Dave, “San-shini” and Marky for putting up with 

me in my writing-up days.

Finally, this thesis is dedicated to my family for their unconditional support, time 

and patience. Thank you.



Table o f C ontents

Table of Contents I

1 Introduction 1
1.0.1 The role of H20  in the a tm o s p h e re ................................................ 3
1.0.2 The role of O 3 in the a tm o s p h e re ...................................................  4

1 . 1  The tropical U T L S ..........................................................................................  5
1.1.1 The tropical tropopause l a y e r ..........................................................  7

1 .1 .1 . 1  Factors controlling tropical UTLS H20 ......................... 10
1 .1 .1 . 2  Factors controlling tropical UTLS O 3 ............................  12
1.1.1.3 Clouds in the tropical U T L S ............................................. 14

1.2 Observing H20  and O3 distributions in the tropical U T L S .................  16
1.2.1 In situ observations.............................................................................. 16

1.2.1.1 Aircraft m easu rem en ts.......................................................  16
1.2.1.2 Balloon m easu rem en ts ....................................................... 18
1.2.1.3 Ozone s o n d e s ........................................................................ 18
1.2.1.4 R adiosondes........................................................................... 21

1.2.2 Previous satellite observations .....................................................  25
1.2.2.1 Satellite observations of tropical UTLS O3 .................. 25
1.2.2.2 Satellite observations of tropical UTLS H20 ..............  25

1.2.3 In situ vs. remote s e n s in g ................................................................  29
1.2.4 Motivation for this w o r k .................................................................... 29

2 R em ote sensing of the tropical UTLS region 31
2.1 Infrared limb sounding ....................................................................................  32
2.2 Radiative tra n s fe r ............................................................................................. 34

2.2.1 Radiative transfer in a clear sky a tm o s p h e re ............................... 34
2.2.2 Radiative transfer in a cloudy a tm o s p h e re ..................................  36

2.3 Infrared spectroscopy .......................................................................................  39
2.3.1 T h e o ry .....................................................................................................  39

2.3.1.1 Rotation of molecules ....................................................... 40
2.3.1.2 Vibrations of molecules ...................................................  40

2.3.2 Infrared spectroscopy of H2G .........................................................  41
2.3.3 Infrared spectroscopy of O3 ............................................................. 42
2.3.4 Spectral line intensity .......................................................................  42
2.3.5 Spectral line w i d t h .............................................................................  43

I



2.3.6 The Voigt p r o f i le .................................................................................  44
2.4 Forward M o d e ll in g ........................................................................................... 45

2.4.1 The Oxford Reference Forward M o d e l .......................................... 45
2.4.1.1 RFM fe a tu re s .......................................................................  45
2.4.1.2 Ray T rac ing ........................................................................... 46
2.4.1.3 Atmospheric p ro f i le s ..........................................................  46
2.4.1.4 Spectroscopic d a ta b a se .......................................................  48
2.4.1.5 Instrum ent p a ram e te rs ....................................................... 48

2.4.2 The FM2D multiple scattering m o d e l ............................................. 49
2.5 Retrieval th e o ry .................................................................................................. 51

2.5.1 D efinitions............................................................................................... 52
2.5.1.1 The weighting function m atrix ........................................ 52
2.5.1.2 Maximum Likelihood estimation ................................... 53

2.5.2 Solution without a p r io r i ...................................................................  54
2.5.3 Iterative m e th o d s .................................................................................  55

2.5.3.1 Retrieval convergence......... .................................................. 56
2 .5.3. 2  The Gain m a t r i x .................................................................  57
2.5.3.3 The averaging kernel m a tr ix ............................................. 57
2.5.3.4 Retrieval e r r o r s ....................................................................  58

2.5.4 Solution with a priori ....................................................................... 58
2.6 S u m m a r y ............................................................................................................ 59

3 The M IPAS instrum ent 60
3.1 The ENVISAT Satellite .................................................................................  60

3.1.1 MIPAS history and c o n c e p t .............................................................  62
3.1.2 MIPAS O b je c t iv e s ..............................................................................  62

3 . 2  The MIPAS measurement geometry and instrum ent l a y o u t ...................  63
3.2.1 Observational m o d e s ...........................................................................  64
3.2.2 Instrum ent design and l a y o u t ..........................................................  65
3.2.3 Measuring the atmosphere with the MIPAS ...............................  65
3.2.4 The MIPAS in terferom eter................................................................. 6 6

3.2.5 Interferogram sam pling .......................................................................  67
3.2.6 Detectors and spectral r a n g e s ..........................................................  6 8

3.2.7 MIPAS electronics ..............................................................................  69
3.3 MIPAS performance ........................................................................................ 69

3.3.1 Offset m easurem ent..............................................................................  69
3.3.2 Gain m e a su re m e n t..............................................................................  70
3.3.3 Spectral c a lib ra tio n ..............................................................................  70
3.3.4 Instrum ent Line Shape Retrieval ...................................................  70
3.3.5 Line of sight c a l ib r a t io n ...................................................................  71
3.3.6 MIPAS field of view ..........................................................................  72
3.3.7 Noise Equivalent Spectral R a d ia n c e ................................................  72

3.4 MIPAS d a t a ........................................................................................................  72
3.4.1 MIPAS Level IB data  .......................................................................  74
3.4.2 MIPAS Level 2  d a t a ..........................................................................  75

II



3.5 The Level 2 R e t r ie v a l ...................................................................................  75
3.5.1 General Retrieval F e a tu re s ................................................................. 76

3.5.1.1 Microwindows................................................................ 76
3.5.1.2 Global Fitting ....................................................................  77
3.5.1.3 Sequential re tr ie v a l......................................................  78
3.5.1.4 Level 2 Retrieval P ro c e d u re .....................................  78

3.5.2 The Optimised Forward Model ....................................................... 79
3.5.3 Convolution of s p e c t r a .......................................................................  79
3.5.4 Convergence c r i te r io n ......................................................................  80
3.5.5 Retrieval R equirem ents.......................................................................  80

3.5.5.1 Spectroscopic d a ta b a se ...............................................  80
3.5.5.2 Reference atmosphere d a ta b a s e ..............................  81

3.5.6 Retrieval A ssu m p tio n s .......................................................................  81
3.5.6.1 Horizontal h o m o g e n e ity ............................................ 81
3.5.6 .2 Non-local thermodynamic e q u il ib r iu m ................. 82

3.6 Characterisation of MIPAS Level 2 p ro f ile s ................................................ 82
3.7 MIPAS Level 2 e r r o r s .......................................................................... 82

3.7.0.3 Calibration e rro rs .........................................................  83
3.7.0.4 Forward model errors .......................................................  84

3.7.1 Level 2 H2 O and O3 errors in the tropical U T L S ......................... 84
3.7.2 The new “Reduced Resolution” m o d e ............................................. 85

3.8 Studying the tropical UTLS with the MIPAS in s t r u m e n t ....................... 87
3.9 Summary ............................................................................................................ 8 8

4 Investigating cloud contam ination in Level 2 M IPAS data 89
4.1 Cloud signatures in MIPAS LIB s p e c t r a ...................................................  90

4.1.1 MIPAS cloud d e tec tio n ........................................................................ 92
4.1.2 Limitations of the cloud detection m e th o d o lo g y ......................... 93
4.1.3 Modelling clouds in limb infrared s p e c tr a ......................................  94

4.2 Investigating cloud contamination in MIPAS L2 H20  and 0 3 profiles 95
4.2.1 O b jec tiv es ...............................................................................................  97
4.2.2 Methodology ........................................................................................  98

4.2.2.1 Step 1. Representative scenarios for c l o u d ...........  99
4.2.2.2 Step 2. Representing real cloud in MIPAS LIB spectra 101
4.2.2.3 Step 3. Estimating cloud ex tin c tio n ........................  102
4 .2.2.4 Step 4. Verifying simulations of MIPAS cloud mi

crowindows   103
4.2.2.5 Step 5. Simulating nominal microwindows for H20

and O3 ................................................................................  104
4.2.2 . 6  Step 6 . Retrieving cloudy L2 H20  and O3 with the

ORM ...................................................................................  105
4.2.2.7 Step 7. Relating the CI-A to retrieved H20  and O3 . 106

4.3 R esu lts ................................................................................................................. 107
4.4 Case study: cloud at 12 k m ............................................................................ 107

4.4.1 Simulated cloudy s p e c tra ....................................................................  108

III



4.4.1 . 1  Retrieved cloudy and clear-sky H20  and O3 profiles . 110
4.4.1.2 Deviations in retrieved H20  profiles...............................  112
4.4.1.3 Deviations in retrieved O 3 profiles ...............................  114

4.4.2 Investigating the impact of random noise on 12 km retrievals . 114
4.5 Case study: cloud at 18 k m ........................................................................... 117

4.5.0.1 Simulated cloudy spectra ............................................... 118
4.5.0 . 2  Compensating for the 0 3 —0001 o ffse t............................ 123
4.5.0.3 Retrieved profiles of H20  and O3 ................................... 125
4.5.0.4 Deviations in retrieved H20  p ro f i le s ........................... 125
4.5.0.5 Deviations in retrieved O3 profiles ..............................  128

4.5.1 Investigating the impact of random noise on 18 km retrievals . 128
4.6 D iscussion ............................................................................................................ 130

4.6.1 Investigating the relationship between the CI-A and scattering 132
4.6.2 FM2d comparisons with RFM for thin clouds ............................ 133

4.6.2 . 1  Cloud spectral simulations with F M 2 D ......................... 134
4.7 Definition of a cloud index for tropical H20  and O3 ..............................  140

4.7.1 Cloud index thresholds for H20  and O3 at 1 2  and 18 km . . . 141
4.8 Summary ............................................................................................................ 142

5 C o m p a riso n s  o f tro p ic a l U T L S  M IP A S  L 2  H 20  a n d  O 3 w ith  H A L O E  
a n d  in  s i tu  in s tru m e n ts  145

5.0.1 Previous inter-comparison of MIPAS L2 H20  and O3 profiles 146
5.0.2 Intercomparison methodologies ....................................................... 148

5.0.2 . 1  Accuracy, bias and precision determination ..............  149
5.1 Inter-comparison strategy .............................................................................. 150

5.1.1 Coincidence c r ite r ia ........................................................................  151
5.1.2 Analysis of results .............................................................................. 151

5.1 .2 . 1  Application of MIPAS averaging k e r n e l s .....................  153
5.1 .2 . 2  Application of tropical cloud detection schemes for 

MIPAS H20  p ro f i le s ...................................................  153
5.2 Inter-comparison of MIPAS H20  and O 3 with H A L O E ........................  154

5.2.1 The Halogen Occultation E x p e rim en t.......................................  155
5.2.2 Sources of errors in HALOE d a t a .............................................. 155
5.2.3 MIPAS H20  and O 3 offline data  comparisons with HALOE H20

and O3 ............................................................................................... 158
5.2.3.1 Coincidence c r i t e r ia ..........................................................  159
5.2.3.2 Results o f H20  in ter-com parisons ..................................  160
5.2.3.3 Mean profiles ................................................................. 162
5.2.3.4 Results of 0 3 inter-com parisons...................................... 166
5.2.3.5 Mean p r o fi le s .......................................................................  166

5.2.4 D iscussion .........................................................................................  168
5.3 Inter-comparison of MIPAS O3 with SHADOZ O3 ..................................  172

5.3.0.1 Electrochemical concentration cell ozone sondes . . . 173
5.3.1 ECC ozone sonde e r r o r s ..............................................................  174
5.3.2 MIPAS O3 comparisons with SHADOZ O3 .............................  175

IV



5.3.2 . 1  Coincidence c r i t e r ia ..........................................................  176
5.3.2.2 Results of Os inter-com parisons ......................................  176
5.3.2.3 Mean p ro file s .......................................................................  177

5.3.3 D iscussion ..............................................................................................  179
5.4 Inter-comparison of MIPAS H20  with Vaisala rad io so n d es ................. 182

5.4.1 Sources of errors and corrections for Vaisala radiosondes . . . 183
5.4.1 . 1  Coincidence c r i t e r ia ........................................................... 185
5.4.1.2 Application of Vaisala corrections ................................... 186
5.4.1.3 Results of H20  inter-com parisons ................................... 188
5.4.1.4 Mean p r o fi le s .......................................................................  188

5.4.2 D iscussion ..............................................................................................  190
5.5 Summary ............................................................................................................ 193

5.5.0.1 H20 ........................................................................................  193
5.5.0.2 0 3 ...........................................................................................  194

6 Tropical UTLS averages of MIPAS H 20  and 0 3 196
6 .0.0.3 Methodologies for seasonal averages...............................  198
6 .0.0.4 Cloud top pressure, occurrence frequency, and “tropopause”

te m p e ra tu re s ......................................................................  2 0 0

6.1 Operational and improved cloud cleared MIPAS a v e ra g e s ......................  204
6.1.1 Tropical cloud filtering schemes for H20  and 0 3 ........................  207
6.1.2 Impact of cloud filtering improvements on tropical UTLS H20

and 0 3 ....................................................................................................  209
6 .1.2.1 Scheme A and B for H20  ............................................... 209
6 .1.2.2 Scheme A and B for 0 3 ..................................................  210

6.1.3 Longitudinal resolution e ffe c ts ..........................................................  214
6.1.4 Seasonal analysis of H20  and 0 3   217

6 .1.4.1 Seasonal H20 ........................................................................ 217
6 .1.4.2 Seasonal 0 3 ...........................................................................  2 2 1

6.1.5 Regional analysis of MIPAS H20  and 0 3 ......................................  225
6.1.6 Investigating the South Atlantic 0 3 e n h a n c e m e n t.....................  225
6.1.7 Evidence of monsoon signatures in MIPAS H20  ......................... 233
6.1.8 S u m m a r y ............................................................................................... 237

7 Conclusions and future work 240
7.1 Summary of c o n c lu s io n s .................................................................................  240
7.2 Recommendations for future w o rk ................................................................  244

V



List o f F igures

1 . 1  The E arth ’s A tm o sp h ere ................................................................................  2

1.2 The E arth ’s radiation budget..........................................................................  3

1.3 Stratosphere - troposphere exchange.............................................................  7

1.4 Temperature and O 3 vertical profiles in the T T L ..................................... 8

1.5 Schematic of deep convection in the tro p ic s ............................................... 13

1 . 6  Seasonal patterns of convection in the tropics............................................  15

1.7 Schematic of an Electrochemical Concentration Cell ozone sonde. . . 20

1.8 Vertical profiles of O3 measured at the tropical locations of San Cristo

bal (0.9°S,89.6°W) and the west Pacific (2°S, 157°W) using ozone son

des. Source: Vomel et al. [2 0 0 2 ] ................................................................... 20

1.9 Zonal O3 distribution from the SHADOZ n e tw o rk .................................  21

1.10 An example of an RS92 Vaisala rad io so n d e ............................................... 22

1.11 Vertical profiles of H2 O measured in the t r o p i c s ..................................... 24

1.12 Seasonal climatological tropospheric 0 3 c o lu m n ..................................... 26

1.13 215 mb H20  measured by the MLS in s tru m e n t........................................  27

1.14 Zonal mean H20  as measured by the HALOE in s tru m e n t....................  28

1.15 The stratospheric H20  tape recorder measured by the MLS and HALOE 

in s tru m e n ts .......................................................................................................  28

2.1 Limb sounding of the atmosphere. Source: Stephens [1994]................. 32

2.2 Vibrational and rotational modes of H20  and O3 m olecules................. 42

2.3 Maximum, minimum and mean Equatorial climatological profiles of 

H2 0 , O3 and tem perature from the Standard Atmosphere climatology 47

3.1 Instrum ents onboard the ENVISAT module. Source: ESA [2007] . . .  61

3.2 Observational geometry of the MIPAS instrument. Source: ESA [2007] 64

VI



3.3 Schematic of the MIPAS MIO layout. Source: ESA [2007]   6 6

3.4 The MIPAS Interferometer. Source: ESA [2 0 0 7 ].................................... 67

3.5 MIPAS NESR on ground and in-flight performance. Source: Kleinert

et al. [2 0 0 7 ] .......................................................................................................  73

3.6 Block diagram of MIPAS data processing. Source: ESA [2007] . . . .  7 4

3.7 Averaging kernels for MIPAS H20  and 0 3 calculated for April at 10°S,

between the altitudes of 1 2  and 6 8  km .........................................................  83

3.8 Systematic and random error profiles for equatorial offline MIPAS H20

and 0 3 profiles. The to tal error is shown by the black line in each figure. 8 6

4.1 MIPAS LIB spectra in bands A, AB, B, C and D under varying cloud

influence................................................................................................................  91

4.2 MIPAS cloud detection microwindows. Source: Greenhough et al., [2005] 92

4.3 MIPAS H20  for June 2003. D ata corresponding to tropics/subtropics

are shown between 50° N and 50° S o n l y .....................................................  96

4.4 MIPAS O3 for June 2003. D ata corresponding to tropics/subtropics

are shown between 50°N and 50° S o n l y .....................................................  9 7

4.5 Creating a cloud b o x ........................................................................................ 1 0 2

4.6 Simulated 1 2  km cloud indices and a priori extinction p ro file ..............  107

4.7 Cloudy to clear sky 12 km spectra generated for the MIPAS cloud and

nominal O3 and H20  microwindows..............................................................  109

4.8 The 1 2  km mean radiance in the MIPAS cloud and nominal O3 and

H20  microwindows against MIPAS C l - A ..................................................  I l l

4.9 H20  and O3 profiles retrieved in clear sky and cloudy conditions with

a cloud present at 12 km..................................................................................  113

4.10 Deviations in H20  concentrations from expected clear-sky concentra

tions at 12 km and 15 km and the 12 and 15 km deviations root-sum- 

squared with Oxford systematic errors against 1 2  km Cl ....................  115

4.11 Deviations in O3 concentrations from expected clear-sky concentrations 

at 12 km and 15 km and the 12 and 15 km deviations root-sum-squared 

with Oxford systematic errors against 1 2  km C l ..................................... 116

4.12 Deviations in H20  concentrations from expected clear-sky concentra

tions at 12 km and 15 km with varying random seeds.............................  118

VII



4.13 Deviations in O3 concentrations from expected clear-sky concentrations

at 12 km and 15 km with varying random seeds....................................  119

4.14 Simulated 18 km cloud indices and a priori extinction p ro file .......... 119

4.15 18 km cloudy to clear sky spectra generated for the MIPAS cloud and 

nominal H20  and O3 microwindows........................................................... 120

4.16 The mean radiance in each nominal H20  and O3 microwindow against

the MIPAS C I - A .......................................................................................... 122

4.17 Scaling the radiance in 0 3 —0001 at 18 k m ...........................................  124

4.18 H20  and O3 profiles retrieved in clear sky and cloudy condition. . . . 126

4.19 Deviations in H20  concentrations from expected clear-sky concentra

tions at 18 km and 2 1  km and 18 and 2 1  km deviations root-sum- 

squared with Oxford systematic errors against 18 km CI-A................ 127

4.20 Deviations in O3 concentrations from expected clear-sky concentrations 

at 18 km and 2 1  km. 18 and 2 1  km deviations root-sum-squared with 

Oxford systematic errors against 18 km CI-A......................................... 129

4.21 Deviations in H20  concentrations from expected clear-sky concentra

tions at 18 km and 21 km with varying random seeds.........................  130

4.22 Deviations in O3 concentrations from expected clear-sky concentrations

at 18 km and 21 km with varying random seeds....................................  131

4.23 FM2D, RFM and real MIPAS spectra for the 12 km c a s e ................  135

4.24 The CI-A vs mean radiance with the 12 km FM2D-generated cloud 

spectra plotted over the real and RFM spectra in each microwindow . 136

4.25 FM2D, RFM and real MIPAS spectra for the 18 km c a s e ................  138

4.26 The CI-A vs mean radiance with the 18 km FM2D-generated cloud 

spectra plotted over the real and RFM spectra in each microwindow

at 18 k m ..........................................................................................................  139

5.1 Example of HALOE sunset and sunrise events in a single UARS orbit 156

5.2 Locations of matched HALOE and MIPAS profiles.............................. 160

5.3 Examples of matched MIPAS and HALOE H20  profiles.................... 161

5.4 Ensemble of operational cloud filtered MIPAS H20  profiles compared

to HALOE H20 .............................................................................................  162

VIII



5.5 Mean MIPAS versus. HALOE H2 O profiles with varying cloud filtering 

s c h e m e s ..............................................................................................................  164

5.6 Longitudinal variation of RD between MIPAS and HALOE H20  . . . 165

5.7 Examples of matched MIPAS and HALOE 0 3 profiles........................... 167

5.8 Ensemble of operationally filtered MIPAS and HALOE 0 3 matched 

pro files .................................................................................................................  168

5.9 Mean MIPAS versus. HALOE 0 3 profiles with varying cloud filtering 

s c h e m e s ..............................................................................................................  169

5.10 Longitudinal variation of RD between MIPAS and HALOE 0 3 . . . .  171

5.11 SHADOZ measurement sites. Source: www.croc.gsfc.nasa.gov/shadoz 173

5.12 Locations of matched SHADOZ and MIPAS p ro files ..............................  177

5.13 Examples of matched MIPAS and SHADOZ 0 3 p ro file s .......................  178

5.14 Ensemble of operationally cloud filtered MIPAS 0 3  and SHADOZ pro

files with and without MIPAS averaging k e r n e l s ..................................... 179

5.15 Mean MIPAS versus. SHADOZ 0 3 profiles with varying cloud filtering 

s c h e m e s ..............................................................................................................  180

5.16 Longitudinal variation of RD between MIPAS and S H A D O Z .............  181

5.17 Locations of matched Explorer and MIPAS p r o f i l e s ..............................  187

5.18 Examples of matched MIPAS and Vaisala H20  p r o f i le s .......................  189

5.19 Ensemble and mean MIPAS and VAISALA H20  matched profiles . . 190

5.20 Mean MIPAS versus. Vaisala H20  profiles with varying cloud filtering 

s c h e m e s ..............................................................................................................  191

6.1 Seasonal mean C PT for 2003 ..........................................................................  202

6 . 2  Seasonal mean COF for 2003 ...............................................................  204

6.3 Seasonal 100 mb “tropopause” te m p e ra tu re s ...........................................  205

6.4 6 8  mb and 215 mb H20  for D JF with operational cloud filtering . . . 207

6.5 6 8  mb and 215 mb 0 3 for DJF with operational cloud filtering . . . .  208

6 . 6  H20  averaged concentrations and estimated grid box error filtered with

scheme A ............................................................................................................... 211

6.7 H20  averaged concentrations and estimated grid box error filtered with

scheme B ...............................................................................................................  212

IX



6 . 8  O 3 averaged concentrations and estimated grid box error filtered with 

scheme A ............................................................................................................... 213

6.9 O3 averaged concentrations and estimated grid box error filtered with 

scheme B ...............................................................................................................  214

6.10 J J A H 20  with varying longitude averaging.................................................  216

6.11 D JF H20  at 6 8  mb, 100 mb and 215 m b ................................................. 219

6.12 JJA  H20  at 6 8  mb, 100 mb and 215 mb ................................................. 220

6.13 D JF O3 at 6 8  mb, 100 mb and 215 m b ....................................................  223

6.14 JJA  O3 at 6 8  mb, 100 mb and 215 m b ....................................................  224

6.15 Brazil and Africa O3 concentrations shown with the zonal wave-one 

regions of the South Atlantic and Pacific o c e a n s ..................................... 227

6.16 Longitude-Altitude cross section of O3 from Equator to 20° South. . . 228

6.17 Vertical structure of SH O3 in D J F ............................................................ 230

6.18 Vertical structure of SH O3 in M A M ........................................................  230

6.19 Vertical structure of SH O3 in JJA  ............................................................ 231

6.20 Vertical structure of SH O3 in S O N ............................................................ 231

6.21 Global maps of M OPITT CO at 150 and 250 mb for SON 2003 . . . 232

6.22 H20  and O3 at 6 8  mb and 100 mb in JJA  over the North American

and Summer Monsoon re g io n s ......................................................................  235

6.23 Vertical structure of NH H20  in J J A ......................................................... 236

6.24 Vertical structure of NH O3 in J J A ............................................................  236

7.1 H20  and O3 retrieved by the ORM with and without a cloud at 12 km 246

X



List o f Tables

1.1 Field campaigns in which in situ tropical UTLS H20  and O3 measure

ments have been made in MIPAS operation l if e tim e ..............................  24

2.1 Limb sounding instruments in operation during MIPAS mission . . .  33

3.1 MIPAS detectors and spectral reg io n s .......................................................... 69

3.2 Spectral lines and intervals used for MIPAS ILS and spectral calibration 71

3.3 NESR requirements for MIPAS spectral b a n d s ......................................... 73

3.4 Nominal microwindows used by the MIPAS L2  re tr ie v a l........................  77

3.5 List of systematic error sources for MIPAS L2 re trieva ls ........................  85

4.1 Cloud index thresholds used in MIPAS bands A,B and D .....................  93

4.2 Percentage of various CI-A values in December, January and February

2002/2003 ........................................................................................................... 99

4.3 Percentage of various CI-A values in March, April and May 2003 . . .  99

4.4 Percentage of various CI-A values in June, July and August 2003 . . 99

4.5 Percentage of various CI-A values in September, October and Novem

ber 2003 ..............................................................................................................  100

4.6 Setup for retrieval of particle extinction and L2  profile retrieval . . . 103

4.7 Microwindow regions and interfering a b so rb e rs ......................................... 105

5.1 Total error estimates for HALOE O3 in percent. Source: Bruhl et al.

[1996]   157

5.2 Total error estimates for HALOE H20  in percent. Source: Harries

et al. [1 9 9 6 ] .......................................................................................................  158

5.3 Number of matches found between July 2002 and March 2004 for the

chosen criteria...................................................................................................... 159

XI



5.4 Summary of MIPAS and HALOE H20  comparison with varying cloud 

filters. The numbers in brackets next to each MRD represents the 

number of points in each comparison............................................................  163

5.5 Summary of MIPAS and HALOE O3 comparison with varying cloud 

filters. The numbers in brackets next to each MRD represents the 

number of points in each comparison............................................................  170

5.6 SHADOZ measurement sites........................................................................... 173

5.7 Number of matches found between July 2002 and March 2004 for the

chosen criteria...................................................................................................... 176

5.8 Summary of MIPAS and SHADOZ O3 comparison with varying cloud 

filters. The numbers in brackets next to each MRD represents the 

number of points in each comparison............................................................  182

5.9 Number of matches found between July 2002 and March 2004 for the

chosen criteria...................................................................................................... 186

5.10 Summary of MIPAS and Vaisala H20  comparison with varying cloud 

filters. The numbers in brackets next to each MRD represents the 

number of points in each comparison............................................................  192

6.1 UARS Pressure levels for the UTLS region................................................. 199

6 . 2  Approximate co-ordinates of tropical regions featured in this chapter 200

XII



C hapter 1

Introduction

The atmosphere is an im portant part of the E arth ’s climate system and is composed 

primarily of nitrogen (78%), oxygen (20%) and argon (0.8%), with concentrations 

of trace gases including water vapour (H2 0 ), carbon dioxide (C 0 2) and ozone (O3 ). 

Additional components present in the E arth ’s atmosphere are conglomerates of water 

and ice crystals in the form of clouds and particulate and aerosol particles. Particular 

layers in the atmosphere are identifiable by their therm al structure, tha t varies with 

altitude as shown by Figure 1.1. The region tha t is of primary interest to the work 

in this thesis is the upper troposphere and lower stratosphere (UTLS), th a t provides 

the connection between the E arth ’s troposphere and stratosphere.

The troposphere is a turbulent layer tha t is characterised by strong eddy (circular 

air currents) and convective activity, high concentrations of H2 0 , and meteorologi

cal weather systems. In the troposphere, the tem perature decrease with increasing 

altitude until a tem perature inversion, or a tropopause is reached. The tropopause 

effectively acts as a lid to convection and is usually characterised by a distinct tem

perature minimum. The height of the tropopause tends to vary with latitude from 

approximately 16 km ( 1 0 0  mb in terms of atmospheric pressure) in the tropics to 

around 8  km in the poles. In the stratosphere, radiative heating is the dominant 

process due to absorption of solar radiation by O3.

The E arth ’s climate system is chiefly driven by incoming solar radiation of approx

imately 342 W m ' 2 [Kiehl and Trenberth, 199T] as illustrated in Figure 1.2, part of 

which is reflected by clouds, aerosol, and surface albedo (i.e. surface reflectivity), and 

the remaining energy is absorbed by the E arth ’s surface and the atmosphere. At the
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Figure 1.1: The Earth’s Atmosphere. Source: Wayne [2000]. The variation in temper
ature characterises the different layers in the atmosphere. The approximate location 
of the UTLS (the region that is of interest to this thesis) lies between the blue lines.

same time, the Earth acts like blackbody in which case it emits infrared or longwave 

radiation some of which is absorbed by infrared absorbing atmospheric constituents, 

mainly H2O, CO2 and O3 . These gases play a significant role in the atmosphere 

as they are naturally-occurring greenhouse gases because they possess the ability to 

absorb and re-radiate longwave radiation and give rise to the so called “greenhouse” 

effect.
Quantification of greenhouse gas distributions near the tropopause, including the 

distributions of H20  and O3 are important for estimating the climate response due 

to these gases on the Earth’s atmosphere. Shine and Sinha [1991] and Forster and 

Shine [1997] showed that the climate response due to these gases, in terms of a H20  

feedback and a radiative forcing for O3 , are most sensitive to perturbations that occur 

close to the tropopause. Furthermore, knowledge of the distribution of these gases 

is particularly important for Global Climate Models (GCMs) that are required to
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Figure 1.2: The Earth’s radiation budget as depicted by Kiehl and Trenberth [1997].

forecast the impact of changing greenhouse gas concentrations on the Earth’s climate 

system. Observing the variations in greenhouse gas concentrations in the tropical 

UTLS represents a particular challenge because this region is characterised by: a) 

a lack of ground based measurement, as most measurement networks are restricted 

to equatorial continental landmasses, b) the persistence of clouds that make remote 

measurements difficult, and c) cold tropopause temperatures and generally sharp 

gradients of H20  and O3 across the tropical tropopause.

1 .0.1 T h e  ro le  o f  H 20  in th e  a tm o sp h ere

First and foremost a natural greenhouse gas, H20 , is the most abundant and effective 

greenhouse gas in the troposphere. The largest and most variable concentrations, 

ranging from hundreds to thousands of parts per million per volume (ppmv) are 

found near the surface and reduce gradually with increasing altitude. Concentrations 

reduce to no more than a few ppmv near the tropopause resulting in a H2 0  feature 

typically referred to as the “hygropause” [Kley et al., 1979]. This occurs due to the 

“freeze drying” of moist airmasses that pass through the “cold trap” or tropopause. 

In the stratosphere, concentrations increase to approximately 5 to 6  ppmv.

In terms of its importance as a greenhouse gas, Kiehl and Trenberth [1997] found 

that in clear sky conditions, H20  can contribute to at least 60% of the total radiative 

forcing in comparison to 26% from C 0 2. H20  also has a crucial role in the Earth’s 

hydrological cycle, in which it is transferred throughout the climate system, and plays 

a role in the formation of clouds and precipitation. It is supplied to the atmosphere
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primarily from evaporation of surface water and transpiration from plants. It is 

uplifted from the surface to the upper troposphere by convection. The amount of 

H2 O tha t is in the atmosphere is, to first order, controlled by tem perature and the 

saturation vapour pressure tha t is a measure of the amount of H20  that air can hold. 

Air parcels of lower tem perature hold less H20  which explains why there is less H20  

in the polar regions, in comparison to the tropics and less atmospheric H20  with 

increasing altitude.

In terms of its chemical role in the atmosphere, H20  is im portant for several 

reasons. H20  is a source of hydroxyl radicals (OH) in the troposphere and the strato

sphere (from the reaction of excited oxygen with H20  to produce 20H  molecules in 

the presence of O3 and UV radiation of less than 340 nm [Lelieveld et al., 2004]). 

OH is known to act as an atmosphere “cleanser” in tha t it is involved in the removal 

of many reactive chemical species in the atmosphere (such as methane (CH4) and 

carbon monoxide (CO)). In the stratosphere, H20  concentrations increase (to 5 - 6  

ppmv) as a prim ary product from the oxidation of methane CH4.

1 .0 .2  T h e  r o le  o f  O 3 in  th e  a tm o s p h e r e

In contrast to H2 0 , O3 is found in high concentrations in the stratosphere with a 

maximum close to 25 km. Typically, O3 concentrations are close to 10 ppmv near the 

maximum in the stratosphere. In the upper troposphere, concentrations are typically 

less than 0.1 ppmv. According to the Intergovernmental Panel on Climate Change 

[Houghton et al., 2001], O3 in the upper troposphere is the third most im portant 

greenhouse gas after C 0 2 and CH4.

In the stratosphere, O3 absorbs incoming UV radiation between the wavelengths 

of 240 - 290 nm and it is this absorption of radiation tha t heats the stratosphere 

leading to an increase in tem perature with increasing altitude. W ithout O3 , much of 

this radiation would reach the ground and due to its ability to destroy the biological 

makeup of plants and animals, can be lethal to living organisms on Earth. Hence, it 

has a critical role in the atmosphere and for surface biology. About 90 % of atmo

spheric O3 exists in the stratosphere. Its concentration in the stratosphere is governed 

by three body reactions and by a series of photochemical reactions tha t involve the 

photo-dissociation of molecular oxygen ( 0 2) by UV radiation (in Schumann-Runge 

UV bands (175-200 nm) and the Herzberg continuum (242 nm)), and by photolysis of
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0 3 itself [Wayne, 2000]. Its concentration is also balanced by several catalytic cycles 

involving reactive species tha t result in a removal of odd-oxygen Ox (0 3 and O) thus, 

resulting in a loss of many 0 3 molecules. Reactive species such as HOx (OH +  H 0 2), 

NOx (N 0 2 +  NO), C10x (Cl +  CIO) and BrOx (Br +  BrO) species are responsible 

for the catalytic removal of 0 3 in the stratosphere.

Around 10 % of 0 3 resides in the troposphere and its in situ formation in the upper 

troposphere is governed by the photolysis of 0 3 precursors (chemicals tha t induce 0 3 

formation) in particular NOx, Volatile Organic Compounds (VOCs) including CH4 

and non-methane hydrocarbons, and other biogenic compounds.

1.1 The tropical UTLS

The tropical upper troposphere and lower stratosphere or UTLS, from approximately 

200 to 40 mb (12 to 21 km) altitude, is a region in the atmosphere where the variability 

in the distribution of H20  and 0 3 is influenced by the coupling of the upper tropo

sphere and lower stratosphere through dynamical, chemical and radiative processes. 

The tropical UTLS region can be thought of as a transition region tha t connects 

a convection-dominated, turbulent troposphere with a radiatively-controlled, stable 

stratified stratosphere.

In the tropics, Hadley circulation cells, in which air rises vertically from the surface 

to the troposphere, are driven by solar radiation incident upon the tropical atmosphere 

causing air at low latitudes to heat and rise. The vertically rising air eventually cools 

and sinks and while doing so, transports heat and momentum in a poleward direction 

following a series of circulatory cells. In the tropics, this upward motion is responsible 

for the uplift of moisture in the low pressure region of the Intertropical Convergence 

Zone (ITCZ) th a t is characterised by a belt of convective mesoscale cloud systems 

[Barry and Chorley, 1998]. The outer regions of the Hadley cells near 30°N and 30°S 

are characterised by semi-permanent, high pressure, anticyclonic systems. In northern 

hemisphere summer, the ITCZ shifts northward over India during the monsoon season 

and over the northern sector of South America and Equatorial Africa. In northern 

hemisphere winter, the ITCZ shifts to the southern regions of south America and 

Africa and passes over Northern Australia.
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The tropical UTLS region is significant also for the global middle atmosphere be

cause the general circulation of the E arth ’s atmosphere is driven from the tropical 

troposphere. It is generally accepted tha t air enters the global mean circulation from 

the tropical troposphere as first envisaged by Brewer [1949]. He postulated tha t air 

enters the atmosphere at the equator followed by an upward and poleward motion, 

more formally known as the Brewer-Dobson circulation. An im portant aspect of the 

UTLS region is how air mass is exchanged through this region. Air, rich in source 

gases but low in O3 can be transported from the troposphere into the stratosphere. 

Similarly, air rich in 0 3 but poor in H20  can be transported from the stratosphere 

into the troposphere and collectively these processes are termed stratosphere - tropo

sphere exchange (STE) [Holton et al., 1995]. Fujiwara et al. [2001] found that waves 

tha t propagate eastwards along the equator with no meridional velocity component, 

otherwise known as Kelvin waves, were one mechanism for STE tha t “opened” the 

tropopause for downward transport displacing dry, 0 3 -rich stratospheric air into the 

upper troposphere. A schematic of the global mean meridional circulation and ex

change processes is shown in Figure 1.3 from Stohl et al. [2003], th a t is an adaption of 

the original proposed global circulation view by Holton et al. [1995]. In the diagram, 

the troposphere is separated from the stratospheric “overworld” by the tropopause 

th a t is represented by the 380 K potential tem perature surfaces, or isentropes, (defined 

as the tem perature possessed by an unsaturated dry air parcel if were adiabatically 

compressed to the 1000 mb pressure level) shown by the thick black line. In the 

tropics, this surface is located at approximately 1 0 0  mb or 16 km that slopes down 

to roughly 310 K or 8  km in the polar regions. Large-scale ascent transports air 

through the tropopause into the stratosphere where it is carried towards the mid

latitudes and finally descends through large scale subsidence in the polar regions. 

The upward motion of air is thought to be driven non-locally by eddy motions in the 

extratropical stratosphere and mesosphere indicating a downward control exerted on 

the troposphere. Over time, the eddy effects of breaking planetary-scale waves tha t 

have horizontal wavelengths up to thousands of kilometres (also called Rossby waves) 

can “add up” and gradually draw air upwards from the tropical stratosphere thereby 

inducing a mechanically wave driven circulation [Holton et al., 1995].

Ultimately, all large and small scale transport processes between the tropical upper 

troposphere and lower stratosphere, tha t can re-distribute H2 0 , O3 and its precursors,
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Figure 1.3: Stratosphere - troposphere exchange. Source: Stohl et al. [2003]. See text 
for explanation.

must pass through the tropical tropopause region. However, the definition, location 

and characteristics of the tropical tropopause is currently under debate and some of 

the properties of this region, in relation to H20  and O3 are discussed below.

1 .1.1 T h e  tro p ica l tro p o p a u se  layer

The tropical tropopause region has become the focus of much attention in recent 

years as observations of temperature and trace gas profiles suggest that the definition 

of the tropical tropopause deviates from the traditional view of a simple boundary 
between the troposphere and the stratosphere [Highwood and Hoskins, 1998]. Con

ventionally, the tropopause boundary is characterised by the altitude at which the 

temperature lapse rate is 2 K/km [Roe and Jasperson, 1980; Reid and Gage, 1981]. 

It has also been defined as the layer at which the minimum temperature, or the cold 

point temperature (CPT), is observed. This tropopause is usually called the cold 

point tropopause [Highwood and Hoskins, 1998]. However, in recent years it has been 

suggested that the tropical tropopause can be thought of as a transition zone between 

the troposphere and the stratosphere as opposed to a sharp boundary. This transi

tion layer is thought to lie approximately between 150 and 50 mb (approximately 

14 to 18 km) that connects a moist, convection-dominated upper troposphere to a 

dry, radiatively-active, stable lower stratosphere [Gettelman and de Forster, 2002a].
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Currently, many definitions of the tropical tropopause layer, or TTL exist, some of 

which are summarised here.

Folkins et al. [1999] studied O3 and temperature vertical profiles from ozone sondes 

launched at Samoa (14°S, 170°W) as part as of the 1999 Pacific Exploratory Mission 

(PEM) TROPICS A campaign. The measured profiles indicated two key features; a) 

a distinct temperature minimum occurred in the measured temperature profiles near 

16 and 17 km and b) the onset of rapid increase in 0 3 concentrations above 14 km 

with a distinctive minimum in O3 just below 14 km. The authors postulated that a 

vertical mixing barrier that suppressed convection was found at 14 km. The region 

between 14 km where an O3 minimum occurred (sometimes called the chemopause) 

and the CPT tropopause (around 17 km) was considered to be a transition zone (see 

Figure 1.4).

Temperature (K)
200 220 240 260 280 300

Temperatuie

Ozone(ppbv)

Figure 1.4: Temperature and O3 vertical profiles in the TTL. Source: Folkins et al. 
[1999]. Note the location of the cold point tropopause, indicated by the minimum in 
the temperatures profiles, at 17 km.

Sherwood and Dessler [2000] describe the region between the level of neutral buoy

ancy (close to 150 mb, 14 km) and the absolute maximum height that convection can



influence (close to 50 mb, 19 km) as the region enclosing the TTL. By simulating the 

tropical UTLS environment using a model of convective and advective transport in 

the TTL region, their model results showed that: a) TTL air is mixed by overshooting 

convection then undergoes slow large-scale ascent until it reaches the stratosphere, b) 

a persistent layer of thick cirrus clouds occurs at 140 mb, c) an O 3 minimum occurs 

just below the TTL and d) a H20  minimum is evident just above the TTL. Gettel- 

man and de Forster [2002a] envisaged the TTL as a ‘transition’ layer between the 

upper troposphere and lower stratosphere with focus on the fact tha t the influence of 

convection decreases with increasing height. They used the cold point tropopause to 

define the upper boundary of the TTL that occurs at 16 km in Global Telecommuni

cations Systems (GTS) and National Centres for Environmental Prediction (NCEP) 

radiosonde tem perature soundings. For the base of the TTL, the authors identified 

the lapse rate minimum (LRM) in potential tem perature (defined as the tem perature 

possessed by an unsaturated dry air parcel if were adiabatically compressed to the 

1000 mb pressure level). The LRM was used as an indicator of the stability as the 

height at which this occurs displays where the influence of convection is dominant 

before radiative processes begin to control the tem perature profiles. This altitude or 

the base of the TTL is found to be between 10 and 12 km and the location of the LRM 

was consistent with a minimum in O3 volume mixing ratios and strongly coupled to 

convection. Gettelm an et al. [2002b] indicated tha t stratospheric stability influences 

the tem perature structure near the CPT and the location of the CPT is found 1 to 2 

km below a H20  minimum or the “hygropause” .

Despite being a significant sector of the lower atmosphere, and attracting much 

attention from the scientific community, no universal definition of the TTL currently 

exists. The findings reported above agree on certain characteristics so far as to say 

tha t above the TTL, a distinct H20  minimum is present; below the TTL, a mini

mum in O 3 concentrations is present and the influence of convection gradually reduces 

with increasing height. In essence, this region is thought to share characteristics of 

both troposphere and stratosphere [Thuburn and Craig, 2002] and it is imperative 

tha t the community reaches consensus on its definition. Characterising the concen

trations and the variations of both H20  and 0 3 can aid in better definition of this 

region. Most specifically whether it can be considered to be a separate region in its 

own right, or whether it is simply a transition region th a t shares some tropospheric
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and stratospheric characteristics and has no boundaries. Nevertheless, it is a region 

in which coupling of transport and chemical regimes can affect the distribution of 

upper tropospheric greenhouse gases. Some of the factors th a t control H20  and O3 

concentrations here are discussed below.

1.1.1.1 Factors controlling tropical UTLS H 20

One of the reasons th a t the TTL has become the focus of attention, particularly for 

several dedicated measurement campaigns, is the puzzling aspect of how air masses 

travel through the TTL and where in the TTL H20  concentrations are reduced before 

air parcels get into the stratosphere. This process th a t involves the removal of H20  

from air masses is usually termed “dehydration” and there are several theories as to 

where and how this is caused. Much of the debate focussing on this subject surrounds 

two possible factors tha t could cause dehydration, namely air passage through the 

regions of the coldest tropical temperatures or the cold trap  region, or by ice formation 

and precipitation associated with convective clouds [Read et al., 2004].

Newell and Gould-Stewart [1981] examined global 100 mb temperatures, taken as a 

representative of the tropopause, and proposed tha t air entered the stratosphere, from 

the tropopause, at particular times of the year where the tropopause was colder than 

average, in regions they termed the “stratospheric fountain” . The western Pacific 

Ocean, northern Australia and Indonesia, in November to March and the Bay of 

Bengal and India during the Monsoon season were proposed fountain regions. This 

was considered to be the case until Sherwood [2000] examined tropopause wind fields 

over Indonesia and found that within the maritime continent, the mean mass flux 

was in fact downwards and tha t no such fountain region was recognised. He proposed 

tha t cool air entered the tropopause region through irreversible mixing in overshooting 

turrets associated with towering convective clouds in the tropics. Since then several 

mechanisms have emerged as key factors that could play a role in the dehydration of 

air as it passes through the TTL. One is tha t tropical deep convection is dominating 

factor in controlling H20  mixing ratios. Deep convective systems provide a source 

of H20  to the tropical upper troposphere where they eventually, in the presence of 

wind shear, create anvils tha t cover a large horizontal [Jensen et al., 1996]. Earlier, 

Danielsen [1982] had postulated tha t air is rapidly dehydrated within these tropical 

deep convective clouds, or “dehydration engines” and tha t it is fully dehydrated before
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it vertically ascends into the stratosphere [Sherwood and Dessler, 2000, 2001, 2003].

Conversely, it is believed that air undergoes fast horizontal advection through cold 

trap  regions, such as the west Pacific and is subsequently dehydrated as it reaches the 

lower stratosphere [Hartmann et al., 2001; Holton and Gettleman, 2001]. The pro

posed mechanism is tha t air parcels, from warmer longitudes pass quasi-horizontally 

through the maritime continent where the tropopause tem peratures are coldest (often 

less than  190 K) resulting in depletion of H20  from moist air tha t reaches the lower 

stratosphere. Recently, transport pathways into the TTL and lower stratospheric 

region have been investigated using 3-d trajectory analysis [Bonazzola and Haynes, 

2004; Fueglistaler et al., 2004] and the western pacific region appears to play a crucial 

role for all air parcels travelling from the tropical troposphere to stratosphere (TST). 

Fueglistaler et al. [2004] performed trajectory calculations of air passing through the 

TTL using wind and tem perature fields from the European Centre for Medium-Range 

W eather Forecasts (ECMWF) and found tha t a large proportion of the trajectories 

(approximately 80%) passed through the TTL over the western Pacific region in 

northern hemisphere winter and summer, and often travelled distances much greater 

than 5000 km with residence times in the TTL close to 13 days, before they enter 

the stratosphere and encounter their minimum H20  mixing ratio. H20  mixing ratios 

assumed after TST were found to be in range between 1.6 ppmv and 3.7 ppmv de

pending on season. O ther regions tha t were found to contribute to TST were over 

the Indian ocean, the Tibetan Plateau and the Caribbean.

In addition to transport processes, the primary factor tha t controls H20  in the 

tropical tropopause region is tropopause temperatures. H20  mixing ratios in the 

lower stratosphere were found to be closely related to the seasonal cycle of the trop

ical tropopause temperatures. As air parcels pass through these cold region they 

retained a memory, like a magnetic tape, of the conditions of the tropical tropopause 

before they entered the stratosphere. Lower stratospheric H20  concentrations and 

their connection to tropical tropopause temperatures were investigated by Mote et al. 

[1996] who used several satellite instruments from the Upper Atmosphere Research 

Satellite (UARS) to investigate the propagation of a H20  signal imprinted onto up

wardly advected air entering the stratosphere. The authors found tha t air entering 

the stratosphere with ascent rates varied from 0.2 x 10~ 3 m s - 1  to 0.4 x 10- 3  m s-1 , 

driven by extra-tropical wave pumping action tha t draws the air upward, retaining a
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memory of the tropopause conditions for up to 18 months.

1.1.1.2 Factors controlling tropical UTLS 0 3

The distribution of 0 3 in the TTL is influenced by dynamical and chemical processes 

of which deep convection, STE, lightning within tropical thunderclouds and biomass 

burning are the most significant [Lelieveld and Dentener, 2000].

An im portant source of O3 precursors in the tropics is from tropical biomass burn

ing [Hao and Liu, 1994]. Smoke from biomass burning is laden with trace gases and 

particulates including CO, CH4, NOx [Andreae, 1990] tha t can lead to the formation 

of O3 through cyclic reactions involving the photolysis of NOx and through the oxida

tion of CO, CH4 (and other hydrocarbons). Wayne [2000] states tha t each molecule 

of CO generates one molecule of tropospheric O3 and one molecule of CH4 produces 

one 3.5 molecules of tropospheric 0 3. Such 0 3 formation is a result of the efficiency 

of vertical exchange, usually within deep convective systems, and the emitted precur

sors [Andreae et al., 2001]. Biomass burning constitutes the burning of forests, and 

savannah for the purpose of deforestation, clearing of agricultural residue and shifting 

cultivation. Burning usually occurs over Central and South Africa, South America, 

South Asia and Australia. Burning seasons are usually identified as “wet” and “dry” 

seasons for which January/February and May to October are the dry seasons for 

Brazil and South Africa respectively [Kirchhoff et al., 1996].

The presence of deep convective cumulonimbus clouds are another contributor 

to O3 enhancements in the upper troposphere. Deep tropical convection can redis

tribute pollutants from the surface or boundary layer directly into the UTLS region 

[Dickerson et al., 1987]. If taking place near regions of active biomass burning, deep 

convection can rapidly inject boundary layer air containing CO and NOx into the 

upper troposphere contributing to O3 formation. An additional factor tha t is related 

to deep convective clouds and also leads to O3 formation is from NOx produced as a 

consequence of lightning in such clouds. Thompson et al. [1997] estimates tha t 20 - 

30 % of O3 enhancement observed over the south Atlantic basin was attributed to a 

combination of deep convective uplift of biomass burning pollution and lightning (See 

Figure 1.5 for schematic of deep convection). Alternatively, convection can also lead 

to a reduction of O3 in the tropical upper troposphere near 200 mb. Ozone sonde 

observations in various tropical locations including stations located in the southeast
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Pacific (Galapagos, Samoa) have indicated reduced near-zero O3 concentrations and 

it is postulated that these occur due to the uplift of clean, pollutant-free boundary 

layer air [Folkins et al., 2 0 0 2 ; Solomon et al., 2005].

Dynamics and Chemistry of Deep Convection

ntctcoi + vo-*-Oj

About 500 km'

Figure 1.5: Schematic of deep convection in the tropics. Source: Thompson et al. 
[1997]. O3 precursors are uplifted from the boundary layer into the upper troposphere 
within convective clouds.

Transport processes affecting O3 in the UTLS region are not only upwards. Suhre 

et al. [1997] observed 0 3 -rich air of stratospheric origin in upper tropospheric air 

measurements obtained from aircraft flying near 1 2  km. Some of the O3 rich signal 

was observed near regions of cumulus anvil clouds and the downward transport of 

stratospheric O3 was attributed to either 1 ) downward transport of 0 3 -rich air in 

falling ice particles following overshooting anvil reaching the lower stratosphere or 2 ) 

quasi-isentropic transport of 0 3 -rich air entering convective regions near the aircraft.

Occasionally mid-latitude intrusions can be associated with filamentations that 

break away from subtropical high-pressure systems. Intrusions of such stratospheric 

0 3 -rich air from the mid-latitude can directly transport ozone into the tropical tro

posphere [Cooper et al., 2005]. Intrusions are also associated with breaking Rossby 

waves [Waugh and Polvani, 2000] that result in the infiltration of subtropical air deep 

into the tropics. As well as intrusion from the extratropical regions, intrusions from 

the tropical stratosphere, penetrate the tropical upper troposphere with stratospheric 

O3 concentrations. Thus, downwelling air from the stratosphere can penetrate the
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TTL and directly inject O3 into the upper troposphere; however, it is still not clear 

how much air enters the TTL from upward convective processes and how much from 

downward transport.

1.1.1.3 Clouds in the tropical UTLS

Some of the processes tha t affect H2 O and O3 distributions in the tropical UTLS 

region involve deep convection within cumulonimbus clouds and interactions with 

cirrus clouds and therefore both play an im portant role in this region. Observations 

of the clouds complementary to H20  and 0 3 measurements are therefore important 

to establish to what extent such factors may affect distributions and furthermore 

validate certain features in particular regions.

Recently the geographical extent of deep convection, over seasonal timescales was 

studied by Jiang et al. [2004] using cloud radiance and upper tropospheric humidity 

measurements from the Microwave Limb Sounder (MLS) on the Upper Atmosphere 

Research Satellite (see section 1 .2 . 2  for further reference to the MLS). They found tha t 

near the bottom  of the TTL, regions of cold tem perature and pronounced convective 

activity from the south Indian Ocean to the West Pacific occurred in December - 

March, with tem peratures displaced slightly westwards (downwind) from convective 

centres. W ithin the TTL, close to 100 mb layer, they observed the lowest H20  mixing 

ratios towards the north of convection and towards the top of the TTL and near 6 8  

mb, convective influence dropped by 2% but primarily over the west Pacific. In July to 

September the most distinctive regions where cloudiness and the coldest temperatures 

are observed tend to be localised over the regions of the North America and South 

A sia/T ibet in association with anti-cyclonic activity associated with the monsoons 

(See Figure 1.6). Similarly, Liu and Zipser [2005] used 5 year precipitation radar 

data  measured by the Tropical Rainfall Measuring Mission (TRMM) to investigate 

overshooting convection and found tha t no more than 1 % convection reached higher 

than 14 km.

Other clouds tha t persist in the UTLS region are high altitude cirrus clouds often 

termed Ultra-Thin Tropopause Cirrus (UTTC) or Sub-visible cirrus (SVC) [Luo et al., 

2003]. Cirrus clouds in the tropical UTLS are formed by two mechanisms, either from 

anvil dissipation from the tops of convective towers or from in situ formation that 

depends on the right combination of tem perature and relative humidity [Jensen et al.,
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Figure 1.6: Seasonal patterns of convection in the tropics. Source: Jiang et al. [2004]. 
Note distinct regions of convection over the Western Pacific and African convection. 
Blue circles denote topography related disturbances. Top panel indicates SH and 
bottom panel indicates NH summers.

1996]. The interactions of ice particles from these clouds with moist or ozone-rich air 

can alter concentrations of these gases in the TTL. Jensen and Pfister [2004] reported 

that clouds in the TTL region can deplete H20  from vertical and horizontally advected 

air in this region.
The presence of clouds in the UTLS/TTL region can compromise the quantity and 

quality of in situ and remote observations of this region. In the following section, some 

of methods that have been used to observe this region are described with reference 

to UTLS H20  and O3 observations made by some of the instruments.
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1.2 Observing H2O and O3 distributions in the trop

ical UTLS

As might be expected from the preceding descriptions, both H20  and 0 3 have variable 

concentrations in the tropical UTLS. Since the discovery of the airidity of the lower 

stratosphere, H20  observations close to the tropopause region have increased with 

much attention given to regional variations and determination of stratospheric entry 

concentrations. The three primary methods used for observations of the atmosphere 

are instruments on ground-, air- and space-based platforms.

1.2.1 In situ  observations

Measurements of H20  and 0 3 in the tropical UTLS have conventionally been acquired 

from instruments on ground or air-borne platforms. Instrum ents on these platforms 

are termed in situ as they are within the region of interest and make a direct measure

ment as opposed to a remote measurement. Historically, most in situ measurements 

of the upper troposphere were made over the Northern Hemisphere landmasses with 

poor sampling in the tropics. In the cases when tropical measurements were made, 

they often did not reach upper tropospheric altitudes meaning tha t this region has 

not always been well represented.

The earliest archived in situ tropical upper tropospheric data-sets, consisting of 

radiosonde and radar measurements dating back to the 1940s, are owned by the 

World Meteorological Organisation (WMO). Since the work of Brewer [1949] and the 

growing interest in the tropical UTLS, the frequency of in situ measurements in this 

region have increased. In the last 30 years or so, the position and composition of the 

TTL has increasingly become the focus of many long-term measurement programs 

and in situ field campaigns. The different methods and kinds of measurements being 

made in the tropical UTLS are discussed below.

1.2.1.1 Aircraft m easurem ents

In situ UTLS data are obtained primarily from one of two platforms: aircraft and 

balloons. The use of aircraft to sound the UTLS is a convenient and operationally 

flexible method to obtain in situ data. The major advantage of using small light
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aircraft is th a t it is easily adaptable in tha t the speed and altitude of the aircraft 

can be changed to meet the requirements of the instruments onboard. It allows 

point and transect analysis of regions so that small-scale processes can be measured 

and has the im portant advantage of being able to avoid cloud layers should it need 

to. A particular downside to using aircraft is tha t measurements are short-term 

and not usually continuous so atmospheric probing can only be performed for up 

to a few months. Other factors that could be seen as detrimental are the costs to 

fund aircraft campaigns which depends on duration, and the location of the aircraft 

flights which is determined by flying permissions tha t influence the planning of the 

aircraft campaigns. Aircraft used to sound the atmosphere generally do not reach the 

tropopause but can reach the upper troposphere such as the DLR FALCON and Grob 

520T Egrett aircraft tha t reach maximum cruise altitudes near 12 km. An exception to 

this is the Russian M55 Geophysica aircraft tha t reaches a maximum altitude of 20 km 

making it a suitable platform for TTL-related studies. These aircraft recently flew in 

the dedicated scientific tropical aircraft campaign called SCOUT-03 tha t took place 

in Darwin, Australia 2005. Aircraft are an integral part of tropical field campaigns 

tha t rely on these platforms to sample the UTLS atmosphere. Several tropical in situ 

field campaigns th a t have measured UTLS H20  and O3 during MIPAS’s lifetime are 

given in table 1 .1 .

Alternatively, instruments can be carried onboard selected commercial jets that 

take part in measurement programmes specially instigated to provide more continuous 

coverage. Two such programmes are the Measurement of Ozone and Water Vapour 

by Airbus In-Service Aircraft (MOZAIC) and a European consortium called the Civil 

Aircraft for the Regular Investigation of the Atmosphere Based on an Instrument 

Container (CARIBIC) [Brenninkjmeijer et al., 2005]. The passenger jets are equipped 

with instruments th a t directly sample middle and upper tropospheric air whilst the 

commercial je t is in flight. Measurements of H20 , O3, aerosol and other trace gases 

are made using an autom ated sensors and atmospheric probes tha t have direct contact 

with the atmosphere. For example, commercial jets involved in the MOZAIC program 

[Marenco et al., 1998] are equipped with Vaisala humidity sensors and dual-beam UV 

absorption instruments to measure humidity and O3, respectively. Measurements 

from commercial jets are made at aircraft cruise altitudes of 9 to 12 km meaning that 

the UTLS is not efficiently sampled in the tropics.
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1.2.1.2 Balloon measurements

In situ measurements of H20  and O 3 are also obtained from light weight instruments 

carried on balloons that are released from the ground and continuously sense the 

atmosphere until the balloon bursts at an altitude near the upper troposphere. Using 

balloons to measure the atmosphere is one of the earliest methods of in situ sounding 

with the first balloon measurements made more than sixty years ago. Instruments 

carried on meteorological balloons essentially make vertical profile measurements at 

a location. They are relatively cost-effective and can sample the air directly with a 

high time and altitude resolution which allows them to capture fine-scale structure in 

the atmosphere.

1.2.1.3 Ozone sondes

Typically balloon measurements of O3 are made by three kinds of ozone sondes which 

are the Brewer Mast, the Electrochemical Concentration Cell and the Japanese ozone 

sonde. An ozone sonde has four basic components th a t collectively consist of a pump, 

an ozone sensor cell, and an electronics and transm itting module to transm it the ozone 

measurements to a ground based unit, all tethered to a meteorological balloon. Ozone 

sondes are usually launched from the ground or alternatively dropped from aircraft 

(drop sondes). Most ozone sondes use the same basic principles tha t require a redox 

reaction involving potassium iodide where the current generated by the redox reaction 

is proportional to the ozone flow rate through the cell.

An Electrochemical Concentration Cell (ECC) ozone sensor is a device tha t mea

sures the vertical distribution of ozone in the atmosphere by means of a redox reac

tion between O 3 and iodide. The instrument was designed by William Komhyr at 

the National Oceanographic Atmospheric Administration (NOAA) in Colorado and 

has provided high resolution ozone data from the ground level to approximately 30 

km. The ECC sondes use an iodometric wet method in which 0 3 -rich air is forced 

into a cathode chamber where the O 3 reacts with iodide leading to the production of 

iodine (I2) [Komhyr et al., 1995]. Both electrodes are immersed in aqueous potassium 

solution and as the iodine molecule converts back to iodide, electrons flow through 

the cell’s external circuit.
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2KI +  0 3 +  H20  — ♦ 2K0H +  I2 +  0 2 (1.1)

This external current is proportional to the rate at which ozone enters the sensor. If 

the pump flow rate, cell current and the tem perature are known, the partial pressure 

of ozone P 0 3 , can be obtained using Equation 1.2:

P0 3  =  4.306x10_4( /  -  IBg)TpT 100 * (P C F ) (1.2)

where I is the ozone current, Ibg is the background or :no 0 3’ current, T is the 

tem perature of the sonde pump in kelvin, and Tioo is the reciprocal of the flow rate 

in seconds per 100 cm - 3  of airflow. The PCF term  is the pump flow rate correction 

factor th a t is equivalent to 1/efficiency. The PCF term  adjusts for a decrease in 

the pum p’s efficiency with increasing altitude. The ozone partial pressure (in mb) is 

converted to volume mixing ratios using equation 1.3.

i „  ! 0 0 0ozone\vmr\ = P0 3  * ------------7—rr (1.3)
pressureymb)

There are five different kinds of ECC ozone sondes: the SPC 3A, 4A, 5A, 6 A 

and the 1 Z model th a t are currently manufactured by the Science Pum p Corporation 

and the EN-SCI Corporation [Johnson et al., 2002]. An illustration of an ECC ozone 

sonde is given in Figure 1.7.

Ozone sondes allow the opportunity to determine the vertical distribution of 0 3 

in the tropics. Recently, Vomel et al. [2002] measured 0 3 in the tropical upper tropo

sphere and lower stratosphere over Ecuador, Brazil and the west Pacific and observed 

0 3 concentrations characteristic of deep convective uplift of upper tropospheric low- 

0 3 air over the convective west Pacific region (see Figure 1.8). Often most balloon 

borne measurements of 0 3 are made during specialised measurement campaigns and 

therefore do not provide long-term or continuous measurements of 0 3 in the tropics.

To overcome the fact tha t measurements of the tropical atmosphere can be sparse, 

the Southern Hemisphere Additional Ozonesonde (SHADOZ) network was set up to 

make regular and timely measurements of 0 3 over a wide range of tropical latitudes 

[Thompson et al., 2004]. Since 1998, the SHADOZ network has continuously acquired 

vertical 0 3 profiles and has provided an alternative view of the distribution of 0 3 in 

the tropics (Figure 1.9). Although it is restricted to the southern hemisphere tropics,
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Figure 1.7: Schematic of an ECC ozone sondes. Source: http://www.fz-juelich.de
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Figure 1.8: Vertical profiles of 0 3 measured at the tropical locations of San Cristobal 
(0.9°S,89.6°W) and the west Pacific (2°S, 157°W) using ozone sondes. Source: Vomel 
et al. [2 0 0 2 ]
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the SHADOZ network is an important provider of 0 3 measurements in the tropics. 

More details about the SHADOZ measurement network will be given in chapter five 
of this thesis.

Contoured Mixing Ratio [ppbv]
September/October/November 1998-2001 0.25km Means

Degrees Longitude

Figure 1.9: Longitudinal 0 3 distribution from the surface to approximately 15 km 
measured by the SHADOZ network. SHADOZ station locations are highlighted below 
the figure Source: Thompson et al. [2003]

1 .2 .1.4 R adiosondes

Radiosondes have been used since the 1940s to routinely make in situ humidity mea

surements from which information about the H20  in the atmosphere can be derived. 

In basic terms, a radiosonde is a small container that carries a thermometer, hy

grometer and barometer, sensors to measure temperature, humidity and air pressure, 

respectively. Also incorporated into the device is a battery to run the instrument and 

a transmitter that sends the signal to a corresponding receiver. Measurements are 

recorded as the radiosonde device ascends whilst coupled to a meteorological weather 

balloon. Historically, radiosondes are one of the most well established meteorological 

instruments and were first produced and distributed in 1936 by Finnish Professor 

Vilho Vaisala, who modified the originally designed radiosonde by Russian meteorol

ogist Paval Molchanov [Michelsen, 2006]. Since then many types of radiosondes have
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been produced and in this section, the Vaisala radiosondes, that are the oldest and 
most popular kind of radiosonde, will be described.

Figure 1.10: An example of an RS92 Vaisala radiosonde. Source:www.vaisala.com

Radiosonde measurements are some of the longest running atmospheric measure

ments with a global radiosonde network as part of the World Meteorological Organisa

tion (WMO) making regular, usually twice daily atmospheric measurements at more 

than a thousand “upper air” stations. The two most commonly used radiosondes are 

the carbon hygristor and the thin film capacitors [Kley et al., 2000]. Carbon hygris- 

tors are radiosondes that contain polystyrene strips coated with carbon hygroscopic 

film whose electrical resistance increases with increasing relative humidity. However, 

the carbon hygristors do not perform so well at low temperatures (less than -40°C) 

and can therefore be unreliable in the upper troposphere [Kley et al., 2000].

The most commonly used and longest established radiosondes are Vaisala ra

diosondes from which relative humidity (RH) measurements are made. RH is a 

quantity that describes the amount of H2 O that is present in the atmosphere as 

a percentage of the maximum amount of H20  the air can hold. RH sensors are based
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on a carbon humidity element that is made from a glass or plastic substrate tha t 

swells with increasing humidity. One kind of humidity sensor is the thin-film capac

itor, usually called a Humicap sensor, that consists of a thin hydrophilic polymer 

layer on a glass substrate. The dielectric constant of the polymer varies with ambient 

H20  pressure. H20  molecules are captured on binding sites on the polymer and the 

number of molecules is proportional to the capacitance measured by the radiosonde 

[Miloshevich et al., 2001]. The more molecules measured, the higher the H20  con

centration. A radiosonde system is flown attached to a natural or synthetic rubber 

balloon tha t expands with ascent with an eventual burst at some pressure. They 

provide information on pressure, geopotential height, tem perature, relative humidity, 

tem perature, wind direction and wind speed. The measurements are continuously 

transm itted to a ground-based receiving system until the measurements cease when 

the balloon bursts usually at an altitude around 25 km. Typical ascent rates for the 

sondes are around 5 m /s with a sampling rate of approximately 2 seconds producing 

a vertical resolution near 10 - 50 m.

Currently there are two main kinds of Vaisala radiosondes in operation. RS80-A 

radiosondes were developed in the 1980s and later the RS80-H radiosonde was intro

duced in 1992 and remains one of the most commonly used radiosondes at present. 

The “A” and “H” in their names indicate the two different polymer materials, where 

the A-type polymer was the initial design and in the early part of the current decade 

one of the most common used radiosonde type at measurement sites world wide. The 

H-type polymer, th a t was developed in the later 80’s is more efficient in taking up 

water molecules and more stable against hysteresis at higher humidities. RS80 sondes 

measure over a RH range of 0% to 100% with a 1% RH resolution. The RS90 (and 

RS92) radiosondes are the most recently developed Vaisala radiosondes, introduced 

in 2000 and 2003, respectively [Miloshevich et al., 2004] and use a thinner and smaller 

H-type polymer. Both RS90 and RS92 have dual sensors tha t are heated alternately 

to overcome sensor icing and are therefore considered to be more accurate than RS80 

sondes. The RH measurement range for RS90 sondes are 0 to 100% RH with a 1% 

RH resolution.

For tropical H20 , balloon borne measurements usually incorporate measurements 

from radiosondes although, similar to the O3 cases, observations in the tropical regions 

were sparse. Some of the earliest measurements of H20  vertical profiles have been
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made in dedicated tropical measurements campaigns such as those performed by Kley 
et al. [1979] in Brazil where H2O mixing ratios as low as 2.6 ppmv were observed and 
more recently, Vomel et al. [2002] made balloon measurements of H20  over Brazil, 
Ecuador and West Pacific where dehydrated air with H20  mixing ratios close to 2 
ppmv were observed (See Figure 1.11).

TVT,------- ■ ' ■■■■■!-----
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Figure 1.11: Vertical profiles of H20  measured in the tropics made from balloon-borne 
observations incorporating radiosondes. Source: Vomel et al. [2 0 0 2 ]

Campaign Location Dates Platform
TROCCINOX I Sao Paulo, 

Brazil
31/01/04 - 
15/03/04

Falcon aircraft, MIR-SAOZ long 
duration balloon

TROCCINOX II Bauru,
Brazil

18/01/05 - 
09/03/05

Falcon and Geophysica aircraft

SCOUT-03 Darwin,
Australia

16/11/05 - 
05/12/05

Falcon and Geophysica aircraft

ACTIVE Darwin,
Australia

07/11/05 - 
09/12/05, 
16/01/06 - 
17/02/06

Dornier and Egrett aircraft, 
Ozone sonde balloon

AMMA Niger,
Africa

31/07/06 - 
18/08/06

Geophysica aircraft, ozone sondes

Table 1.1: Field campaigns in which in situ tropical UTLS H20  and O3 measurements 
have been made in MIPAS operation lifetime. Only the TROCCINOX I campaign 
overlapped with a few days worth of MIPAS nominal full resolution data.

The alternative method of observing the tropical UTLS is of course, remotely.
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The distributions of H2 O and O3 measured previously by satellites are discussed in 

the following section.

1 .2.2 P rev iou s sa te llite  observations

To overcome the inability of in situ instruments to be able to make large-scale and 

continuous measurements of H2O and O3 in the tropical UTLS, instruments onboard 

satellite platforms provide an ideal opportunity to make near-global and continuous 

measurements of H20 and O3 in this region.

1.2.2.1 Satellite observations of tropical UTLS 0 3

Some of the first indications of the distribution of 0 3 in the tropical latitudes came 

from nadir viewing instruments on board Earth observing satellites such as the Total 

Ozone Mapping Spectrometer (TOMS) and the Solar Backscatter Ultraviolet (SBUV) 

onboard the National Aeronautical Space Administration (NASA) Nimbus-7 satellite 

from which to ta l O3 columns could be inferred. Longterm measurements of total 

column O 3 from the TOMS instrument, combined with longterm O3 measurements 

from the Stratospheric Aerosol and Gas Experiment I (SAGE I) to remove the strato

spheric O3 signal, provided insight into the distribution of tropospheric O3 [Fishman 

et al., 1990]. From integrated columns of tropospheric O 3 , it was found tha t the 

highest concentrations occurred over the Atlantic Ocean to the west of the African 

coast, usually maximised between July and October. Later, Fishman and Brackett 

[1997] observed the seasonal cycle of TOMS and SAGE I derived tropospheric O3 and 

found th a t it followed a distinctive seasonal cycle, as shown in Figure 1.12. Although 

this method using the TOMS highlighted im portant O3 features in the tropics, it is 

unable to provide information about the vertical structure of O3 particularly regions 

of distinctive layering within the tropospheric O3 signal.

1.2.2.2 Satellite observations of tropical UTLS H 20

Satellites also provided the first view of the distribution of H20  in the tropics. One 

satellite th a t provided layer information about H2 O down to 316 mb (close to 9 

km) with an effective vertical resolution close to 3 km [Read et al., 2001], was the
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Figure 1.12: Seasonal climatological tropospheric 0 3 residual column, measured in 
Dobson units, derived from the TOMS and SAGE I and SAGE II measurements (1  

DU =  1 Dobson unit that is equivalent to 2.69 x 1016 molecules of 0 3 per square 
centimetre). Source: Fishman and Brackett [1997]

Microwave Limb Sounder (MLS) onboard the UARS satellite launched in 1991. Be

cause it observes the atmosphere in the microwave region, MLS measurements are 
relatively transparent to cirrus and aerosol, although its measurements are still af

fected by thick cirrus. Even in so called clear sky scenes, interpretation of these data 
can be affected by cirrus presence [Read et al., 2001]. The MLS instrument has been 

used to study the seasonality, and distribution of H20  in the tropical UTLS at in 

terms of separate layers and zonal distributions [Clark et al., 1998; Chen et al., 1999; 

Pumphrey et al., 2000; Clark et al., 2001]. Features such as high H20  mixing ratios 

at 215 mb over southeast Asia and low mixing ratios over Indonesia were found with 

concentrations often higher than 170 ppmv at 215 mb. At 6 8  mb, low mixing ratios 

of 2.95 to 3.10 ppmv were observed over Indonesia and the West Pacific, indicating 
dehydration processes in this region. Stone et al. [2000] investigated the seasonal 

distribution of H20  in the upper troposophere using MLS measurements with SAGE 

II H20  measurements. Over the tropical latitudes, MLS H20  showed regions of vari

ability with concentrations ranging from 10 to 200 ppmv throughout the year (See 
Figure 1.13).

Other satellite instruments that have measured distributions of the H20  in the
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Figure 1.13: H20  at 215 mb measured by the MLS instrument. Source: Stone et al. 
[2000]. MLS upper tropospheric H20  measurements indicate regions of variability 
in the tropics with concentrations close to 200 ppmv over South Asia in northern 
hemisphere summer

tropical UTLS include HALOE and SAGE II that observe through the atmosphere, 
however with coverage limited to particular latitude bands (see section 2 .1 ). Data 

from these instruments have been used to examine the seasonal cycle of H20  entering 
the stratosphere [Dessler and Kim, 1999] as well as derivation of regional variations 
and trends in H20  distributions. For example, Randel et al. [2001] observed the 
seasonal cycle of H20  in the lower stratosphere measured by HALOE in a nine year 
climatology and found localised variations such as H20  maxima over the South Asian 
region in northern hemisphere summer and regions of dehydrated air over the west 

Pacific (See Figure 1.14).
Mote et al. [1996] used H20  measurements from the UARS satellite to determine 

the seasonal cycle of H20  entering the stratosphere. The H20  “tape recorder” as 
measured by the MLS and HALOE instruments are shown in Figure 1.15. Details 
about each section are given in figure caption, but essentially the figure shows the 

distinct seasonal cycle of H20  entering the stratosphere, consistent with the seasonal
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Figure 1.14: Zonal mean H20  as measured by the HALOE instrument. Source: 
Randel et al. [2001]. Note the location of a “hygropause” at 17 km.

cycle of the tropopause temperatures (that is colder and higher in northern hemi

sphere winter). The air driven upwards by the extratropical suction pump retains 
the information about the tropical tropopause conditions it encountered during the 
previous 18 months.
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Figure 1.15: The stratospheric H20  tape recorder measured by the MLS and HALOE 
instruments adapted from Mote et al. [1996]). The figure shows the time-height cross 
sections of H20  anomalies between 12°N and 12°S from the MLS (section a) and 
HALOE total hydrogen (section b). Note the successive maxima and minima of H20  
entering the stratosphere in July - September and January - April, respectively.
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1.2 .3  In situ  vs. rem ote sensing

UTLS measurements obtained from aircraft instruments can make point and wider 

scale measurements making them highly adaptable and suitable for making long range 

measurements. This flexibility allows aircraft to easily measure at a particular loca

tion whereas satellite measurements of a particular location of interest depends purely 

on when the satellite orbit passes over that location. On the other hand, factors such 

as creating flight plans and obtaining flying permits can be time consuming and 

problematic in which case satellite measurements are more convenient.

In situ measurements obtained from balloon instruments are cheap in compari

son to aircraft and satellite instruments and can be directly accessed. This means 

tha t balloon instruments can be launched directly into a region of interest such as a 

biomass burning plume or into the outflow of a thunderstorm  as soon as such events 

begin. Balloon measurements are best operated in light meteorological conditions as 

severe meteorological conditions would lead to sondes drifting and becoming dam

aged. Balloon instruments require a constant uplink to a GPS computer system and 

accurate calibration methods as all instruments do. A potential source of error is 

human error in launching sondes and inaccurately recording information such as time 

and date. Ground based methods are usually sporadic and often only operate on a 

campaign basis.

Satellite measurements can provide a useful tool to obtain a vast coverage over 

the tropical region and this has been demonstrated by some of the satellite examples 

shown above. However, satellite measurements can also be limited in terms of their 

vertical resolution, measurement technique and often inability to measure accurately 

in the presence of cloud.

1.2 .4  M otivation  for th is  work

In the sections above, the role of H20 and O3 in the tropical UTLS and some of 

the factors tha t can influence their distributions were discussed. The requirement for 

continuous observations of lower stratospheric H20 and O3 in the tropical tropopause 

has been noted. Takashima and Shiotani [2007] noted the need for increased obser

vations of the distribution of O3 in the UTLS region to quantify dynamical factors 

tha t may cause variability in this region. Similarly, Rosenlof et al. [2001] and Randel
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et al. [2006] noted changes in the trend of H20  entering the stratosphere for which 

regular global monitoring is important. Satellite instruments are well suited for such 

requirements and can provide large-scale observations from the stratosphere to the 

lower atmosphere although they are limited by their vertical resolution.

In this thesis, remotely sensed tropical UTLS H20  and O3 measurements are con

sidered. The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) 

instrum ent is a high resolution spectrometer tha t measures infrared emission spectra 

using the limb sounding technique. The infrared measurements of the MIPAS instru

ment can be used to investigate the simultaneous distributions of both H20  and 0 3 

and with some indication of cloud presence, also allows quantification of “clear sky” 

and thin cloud measurements. For example, MIPAS can provide a better representa

tion of “clear sky” measurements, compared to those of MLS. Although MLS looks 

through cirrus clouds, it can be difficult to distinguish concentrations of H20  in “clear 

sky” and thin cloud measurements. In terms of comparison to the solar occultation 

instruments, the advantage of MIPAS is tha t it can measure more profiles globally 

than the average of 30 profiles per day achieved by instruments such as HALOE and 

SAGE II.

The structure of the remainder of this thesis is as follows: in chapter two, the 

theory of atmospheric radiation and the techniques used to capture H20  and O3 

signatures in the atmosphere are followed by an introduction to remote sensing and 

retrieval techniques. In chapter three, a description of the MIPAS instrument and 

the data processing is given. In chapter four, the impact of the cloud on MIPAS H20  

and O3 data is analysed with particular focus on how cloud errors can propagate 

into the data, lowering data quality, and how these effects can be identified and 

removed. In chapter five, inter-comparison experiments of MIPAS H20  and O3 with 

existing independent measurements obtained from satellite and in situ instruments 

are performed. Chapter six presents some seasonal distributions of H20  and O3 in 

the tropical UTLS followed by final and suggestions for further work will follow in 

chapter seven.
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C hapter 2 

R em ote sensing o f th e tropical 

UTLS region

Remote sensing of the E arth ’s land, sea or atmosphere is theF practise of deriving 

information using some part of the electromagnetic spectrum to measure the radia

tion th a t is emitted or reflected from the E arth ’s surface or atmosphere [Campbell, 

1996]. Instruments carried onboard a spaceborne platform provide an ideal platform 

to obtain thousands of measurements on a large-scale of some atmospheric property. 

Satellite instruments can provide global coverage in a few days which is particularly 

advantageous for areas that are inadequately monitored by ground- and air-based in

struments. Such instrument can also provide long-term, near-continuous atmospheric 

measurements such as NASA’s Total Ozone Spectrometer, the measurements of which 

are ideal for generating climatological datasets. Satellite instruments typically make 

radiance measurements that require some form of m athem atical inversion and ma

nipulation to convert the raw radiance signal into an atmospheric property such as a 

tem perature or trace gas concentration value. To obtain such information, specially 

designed, mathematical, retrieval algorithms tha t take into account the instrum ent’s 

measurement geometry and measurement technique as well as the state of the real 

atmosphere, are used to retrieve atmospheric quantities. In this chapter, a discussion 

of the infrared limb sounding methods used to observe H2 O and O3 in the tropical 

atmosphere is presented. The following sections describe the principles of limb sound

ing and radiative transfer, and the infrared spectroscopy of H20  and O3. Finally, the 

fundamentals of retrieval theory are discussed.
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2.1 Infrared lim b sounding

Satellite instruments usually sound the Earth’s atmosphere using nadir or limb sound

ing techniques. Nadir sounders observe the atmosphere at 90° to the surface and pro

vide measurements from which mainly total columns of trace gases can be inferred. 

The limb sounding technique works by observing the Earth’s atmosphere “horizon

tally” at the horizon (also called the Earth’s limb). In doing so, it measures the 

emission of the atmosphere with a cold space background or alternatively the absorp

tion of the atmosphere with the sun as a background source. This latter method is 

called the occultation method in which stars (stellar) and the moon (lunar) can also 

be used as an illumination source. Table 2.1 lists limb sounding instruments that 

have measured tropical H20  and O3 whilst MIPAS has been in operation.

T o n q en t  h 
H e i g ht

SATELLITE

Surfoce

Figure 2.1: Limb sounding of the atmosphere. Source: Stephens [1994]

The limb geometry is shown in figure 2.1 where h is tangent height and z is the 

actual height at a segment of the atmosphere, ds. The limb sounding technique 

is suitable for vertical profiling of the atmosphere because it can provide a vertical 

resolution of the atmosphere of 3 km or better. This is relatively high compared to 

the vertical resolution achieved by nadir sounding instruments (usually > 5 km). By 

scanning the instrument’s view vertically through the atmosphere, measurements at 

consecutive tangent altitudes can be obtained. The radiation that is measured at 

each tangent height is not influenced by any radiation below the measurement and 

the signal comes solely from the radiation at h, and typically the altitudes above, 

weighted by the decrease in atmospheric density and gas vmr with height. Due to

32



the measurement geometry of limb sounders, the emission from the atmosphere is 

measured along a relatively long horizontal path even at the tangent point (>  500 

km) and this allows greater sensitivity to constituents with low mixing ratios. This 

feature can be exploited to measure both major (H20  and 0 3) and minor atmospheric 

constituents such as HCFC-22 [Moore, 2005] and C2 H6 [von Clarmann et ah, 2007].

The limb sounding geometry and instrument pointing must be known precisely 

so tha t potentially retrievable quantities can be accurately determined. The mea

surement range can extend from the mesosphere to as low as 5 - 6  km although, in 

the upper troposphere, limb measurements can be affected by the presence of clouds. 

Thick opaque clouds act as blackbodies and can remove the sensitivity to trace gas 

concentrations at the cloud altitude and below. The therm al radiation tha t is mea

sured by limb sounders such as MIPAS, carries information about the atmospheric 

tem perature, as well as the concentrations of H20  and 0 3 and other constituents in 

the atmosphere. This information can be retrieved from remote sensing measure

ments by understanding how radiation is transferred to an observing instrument and 

how radiation interacts with particular atmospheric constituents.

Instrument Platform Launch Measuremer
technique

tSpectral range

HALOE UARS 09/1991 to 
11/2005

Solar oc
cultation

2.8 - 9.6 (im

SAGE II ERBS 10/1984 to 
08/2005

Solar oc
cultation

1.02 - 0.382 fim

SAGE III Meteor-3M 1 0 / 2 0 0 1  to 
03/2006

Solar oc
cultation

280 - 1040 nm

TES AURA 07/04 to 
present

Limb emis
sion

3.2 - 15.4 fim

EOS-MLS AURA 07/2004 to 
present

Limb emis
sion

118 - 2250 GHz

ACE-FTS SCISAT 08/2003 to 
present

Solar Oc
cultation

2.2 - 13.3/mi

ODIN-
SMR

OSIRIS 0 2 / 2 0 0 1  to 
present

Limb emis
sion

485 - 580 GHz

Table 2.1: Limb sounding instruments in operation during MIPAS mission. HALOE 
=  Halogen Occultation Experiment; SAGE =  Stratospheric Aerosol and Gas Ex
periment; TES =  Tropospheric Emission Spectrometer; ACE-FTS =  Atmospheric 
Chemistry Experiment - Fourier Transform Spectrometer; ODIN-SMR =  Odin Sub 
Millimetre Radiometer.
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2.2 Radiative transfer

To interpret atmospheric measurements obtained from remote sensing instruments, 

an understanding of how atmospheric m atter interacts with radiation can be obtained 

from radiative transfer theory [Liou, 2002]. Imagine a radiation beam being sensed by 

a remote sensing instrument. The radiation tha t arrives at the observing instrument 

is th a t which is emitted directly by trace gases or scattered by clouds and aerosols into 

the beam of radiation. In the case of limb occultation, the to tal radiation also consists 

of background, or source radiation that passes through the atmosphere and then 

enters through the field of view of the instrument. The radiation is simultaneously 

modified by absorption processes and by scattering out of the beam of radiation. The 

monochromatic intensity or radiance, in a given direction, is a measure of intensity 

of this radiance in units of energy per cross sectional area per time per wavelength 

and per steradian.

2 .2.1 R ad ia tive  transfer in a clear sky a tm osp h ere

A beam of monochromatic radiation interacts with atmospheric m atter in two ways. 

Firstly, extinction processes such as absorption and scattering, result in a reduction 

in intensity of the radiation beam and secondly, emission and scattering processes 

result in an increase in intensity of the radiation beam [Liou, 2002]. If the beam of 

radiation, of wavelength A, passes through an absorbing medium and crosses a path, 

ds, the net decrease in radiation will be:

dL\ = —k \n aL \ds  (2.1)

where La is the radiance, na is the number density of the absorbing molecules, and kA 

is the extinction coefficient. The negative sign denotes tha t there is a loss of radiation 

from the beam.

For the same beam of radiation, an increase due to emission and multiple scatter

ing along the path, ds, is given by;

dL \ = j xnads (2.2)

where j* is the source function coefficient. By combining equations 2.1 and 2.2, the 

net change in radiation can be written as:
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dLx = —k \n aL \ds  +  j \ n ads (2.3)

Rearranging 2.3 and defining the source function, J* as J \ = j x/ k x, the formal 

equation for radiative transfer known as Schwarzchild’s equation can be found by:

4 1 * =  -[L x  -  Jx] (2.4)
k \n ads

Consider the path taken by a beam of radiation from point s0 to point S\. The 

monochromatic optical thickness of the atmosphere (rx) between these points is writ

ten as:

fSl
T\ — kxnads  (2.5)

JSQ
The intensity of radiation at point Si can be found by integrating equation 2.4 

and multiplying by a factor e_TA(s1 ,s0) to give:

Lx =  LA(s0)e“TA(si'so) +  f 1 Jx(s)e -T̂ ’3)ds (2.6)
JSQ

where the transmissivity of the atmosphere is given by:

r s \
T ( s 1 , s 0) = e x p ( -  / k \n ads) = e x p ( - r x) (2.7)

“'So
In the case tha t the atmosphere is in local thermodynamic equilibrium (LTE) and 

scattering is negligible, the source function, Jx is given by the Planck function that 

is:

2  he2
b x(t ) = x5/ : :  ■ - (2 .8 )

A5 (efcAT -  1)

where h and k are the Planck and Boltzmann constant’s equal to 6.626 x 10- 3 4  J s

and 1.3806 x 10~ 23 J K - 1  respectively. T is the tem perature in kelvin and c is the

speed of light.

In the absence of scattering, kx is now the absorption coefficient and the solution to 

the radiative transfer equation becomes:

Lx = L x(s0)e - T̂ ‘'s") + J  Bx(T)e~T̂ ’s)ds (2.9)
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Equation 2.6 can be used to determine the intensity of radiation along a path, as 

long as the absorption coefficients and the number density distributions of absorbing 

molecules are known. The first term in the equation describes the absorption or 

attenuation of radiance by the atmosphere and the second term  describes the emission 

contribution from the atmosphere.

The radiance tha t is observed by a limb sounding instrument for a nonscattering 

atmosphere in LTE is given by:

L x(,Sl) = j ’ 1 B x ^ j ^ - d s  (2.10)
J so ds

where Si is the observation point and so is the cold background against which the 

emission from the atmosphere is measured. Usually the assumption of an LTE a t

mosphere is coupled with a plane parallel assumption meaning tha t any variations 

in atmospheric parameters such as temperature, pressure and trace gases only occur 

in the vertical direction. The derivative term from Equation 2.10 is an important 

theoretical quantity called a weighting function, W, tha t indicates the contribution 

to the intensity due to the emission from a layer at distance, s, and is given by:

^ ( s 1,so) =  ^ l ( s 1, s 0) (2.11)as
The weighting functions for the limb sounding geometry can give an indication of 

which altitude is sensitive to which part of the atmosphere. If the intensity at a 

single tangent height measurement is integrated over altitude z the intensity is given 

by:

r o c  dT\ ds
1(h) = /  B ( z ) —— (s, oc)— dz (2-12)

Jh ds dz

2 .2.2 R ad ia tive  transfer in a cloud y a tm osp h ere

In the thermal infrared region, clouds scatter, emit and absorb radiation. Some of the 

radiant energy tha t is incident on ice crystals and water droplets within the clouds, 

will be re-directed to a new direction (that is the scattering component), as well as 

absorbed and emitted by the ice crystals. The degree of scattering is dependent on the 

ice crystal shape and size. In a cloudy atmosphere, the radiation measured by a limb 

sounding instrument is a combination of the radiation tha t is emitted by atmospheric
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constituents, radiation emitted by the cloud and radiation that is scattered into the 

FOV from below the cloud [Stephens, 1994]. The radiative transfer equation tha t was 

derived earlier for a non-scattering clear-sky atmosphere must be modified to account 

for the scattering and emission from clouds. For a beam of radiation along a path, 

ds, emission as well as scattering processes will lead to an increase in radiation along 

tha t path.

The scattering and absorption coefficients associated with the scattering and ab

sorption of radiation by cloud particles are defined here as (3S and /?a, respectively. 

Similarly, the extinction coefficient that describes the amount of radiation that has 

been attenuated by an ice crystal when radiation is incident on the particle can be 

defined as f3e. The units for these coefficients are per distance and are usually ex

pressed in units of km-1 . The (3a and f3e coefficients can be used to calculate the 

single scattering albedo, ujq tha t is a measure of the ratio of the scattered radiation 

to the to tal attenuated radiation and is given by:

For the calculation of the optical properties of the cloud particles, some prior knowl

edge of a typical size distribution of the particles is required. If the particles have a 

distribution n(r), the volume (3e can be calculated using:

where Qe is the extinction efficiency factor and r is the radii of the particles. The 

term  n(r) describes the distribution of the particles with radii between r and r+dr. 

A typical distribution tha t is often used to represent ice particle or water droplet 

distributions is the log-normal distribution which is given by:

the spread of the distribution [Kerridge et al. 2004a].

In a scattering medium the source function is equal to J^, tha t is the scattering source 

function. The non-scattering radiative transfer equation defined earlier now becomes:

(2.13)

(2.14)

(2.15)

where N is the number of particles per unit volume, rm is the mode radius and S is
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^  =  -f3a(Lx -  B x) -  A (L a -  Jx) = —f3e(Lx -  Sx) (2.16)

Sa is the source function associated with scattering and absorption and is a weighted 

mean of the absorption and scattering coefficients. It is defined as:

SA =  — (2. 17)
Pe

where (3e is the extinction coefficient. Equation 2.17 can be re-defined by incorporating 

the single scattering albedo:

S \ = (1 — lu0 )B \  +  u 0 J \  (2-18)

In the therm al infrared, J* (that is associated with scattering only) takes into ac

count multiple scattering processes that occur in an azimuth independent component 

written as:

Jx =  i P{n,ixi)Lx{li,iii)diit (2.19)

where {i =  cos(0) and 0 represents the zenith angle. The angles tha t correspond to 

the direction from which the radiation is scattered from  are denoted with a The 

quantity, P, is the called the scattering phase function tha t indicates the angular 

distribution of scattered energy as a function of direction. P is given in terms of 

spherical coordinates and is a function of the scattering angle, cos(0 ), and the azimuth 

angle, 0 , and now becomes:

1 r 2 n  1 r 2 n

P(fjL, fif) = —  Pcos{Q)d<t>! 0 ' ) # '  (2-20)
Z7T ^0 Z7T J O

In reality, scattering by ice crystals (and atmospheric particulates) can be highly for

ward peaked, and this must be taken into account when multiple scattering processes 

are represented in the radiative transfer problem. To calculate the strength of forward 

scattering, the asymmetry parameter g that is indicative of the ratio of forward to 

backward scattering, can be defined as:

g =  -  [  P(Q)cosQsinQdQ  (2 -21)
2 Jo

The phase function can then be approximated by the Henyey-Greenstein analytical 

function incorporating g [Yang et al., 2001]. This is given by:
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P h g (Q )  { i + g 2 _  2gcosQ )3/2 (2'22)

2.3 Infrared spectroscopy

The MIPAS instrument is sensitive to radiation emitted in the mid infrared region 

between 4.15 and 14.5 microns. Knowledge of how terrestrial emitted radiation in 

this region interacts with H2 O and O3 molecules is required so tha t emission spectra 

belonging to each of these species can be accurately modelled in an atmospheric 

forward model. The importance of forward modelling and its contribution to retrieval 

theory will be discussed later.

At terrestrial tem peratures of approximately 255 K, the Planck function tha t is a 

function of wavelength and temperature, peaks at approximately 1 1  microns where 

strong spectral signatures of atmospheric constituents are observed [Goody, 1995]. 

Therefore, this part of the spectrum contains a unique spectral fingerprint for many 

atmospheric constituents including H20  and O3 tha t are both im portant absorbers 

in this region.

2.3 .1  T heory

The observed atmospheric emission spectrum of the E arth ’s atmosphere is composed 

of a large number of emission lines tha t belong to atmospheric constituents tha t have 

sufficiently strong features to be detected. Energy is radiated only when an molecule 

makes a transition from one quantum state to another during which a photon, that 

carries a quantum of energy, Jiv, is either absorbed or em itted in the transition. 

Emission of a photon occurs when an atom or molecule transits from an excited to a 

lower energy state and each transition tha t occurs between fixed energy levels result 

in an emission line. Conversely, an absorption spectrum arises wdien a photon is 

absorbed by an atom or molecule resulting in a transition from the ground state to 

an excited state. An allowed radiative transition can only occur when the transition 

dipole moment is non-zero. Molecules can primarily possess three types of discrete 

quantised energies: a) electronic energy that is the energy change due to a change 

in the energy states of the electrons within the molecule, b) rotational energy that 

is the energy associated with the rotating or revolving of a molecule about its centre
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of mass and c) vibrational energy that is the energy due to molecular vibrations 

about their equilibrium positions. Rotational energy changes are usually around 

the order of 1 cm - 1  therefore purely rotational transitions generally only occur at 

wavenumbers smaller than 10 cm-1 , in the far-infrared and microwave regions [Liou, 

2002]. However, vibrational energy changes are usually greater than 600 cm - 1  and 

are much larger than rotational energy changes. In the mid-infrared region, molecular 

emissions are a result of combined vibrational and rotational transitions. Both H2 O 

and O3 are radiatively active gases that have permanent dipole electric moments due 

to their asymmetric charge distributions. In the infrared region, both molecules are 

involved with vibrational and rotational molecular transitions [Banwell, 1972].

2.3.1.1 R otation of molecules

Molecules can rotate about their centre of mass and therefore possess a moment of 

inertia about some internal axis. The moment of inertia for each axis is usually 

written as /^ , I b and Ic  with I a < I b < Ic- Different types of molecules possess 

specific moments of inertia tha t depend on the geometry of the molecule. Molecules 

can be divided into four classes tha t correspond to:

1. Linear molecules such as CO2 or N20  which are triatomic molecules tha t have 

two equal moments of inertia I b = Ic  whilst I  a is zero.

2 . Symmetric top molecules usually have two equal moments of inertia and a third 

moment tha t is not equal to zero. An example of a symmetric top molecule is 

the NH3 molecule tha t has moments of inertia I  a < I b =  Ic-

3. Spherical top molecules such as CH4 have three equal moments of inertia that 

follow the rule I  a =  Ib  =  Ic- These are the simplest class of molecules and they 

possess no allowed pure rotational spectrum.

4. Asymmetric top molecules such as have II20  and O3 have three unequal mo

ments of inertia where I  a 7  ̂ Ib  /  Ic-

2.3.1.2 Vibrations of molecules

Vibrational transitions occur when a molecular vibration produces an oscillating 

dipole moment. The quantised energy levels for harmonic vibrations are given by:
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Ev = hn(vk + 1/2) (2.23)

where 1/  is the frequency and Vk is the vibrational quantum  number.

The number of fundamental vibrations for molecules are determined by the num

ber of atoms, N, in the molecule. The motion of each atom in the molecule can be 

specified in the x, y, and z coordinate system and are said to possess 3N degrees 

of freedom. In general, the number of allowed internal vibrations for H2 O and O3 

molecules follows the rule 3N  — 6 . For linear molecules, the number of vibrational 

degrees of freedom follows the rule 3N  — 5. Both H20  and O3 are complex radiatively 

active molecules th a t display emission and absorption features in particular regions 

of the infrared spectrum. Figure 2.2 illustrates the three fundamental vibrations of 

the H20  and O3 molecules.

2.3 .2  Infrared sp ectroscop y  o f H 20

The H20  molecule is a triatomic asymmetric top molecule th a t has three fundamental 

modes of vibration given by: mode (symmetric stretching), u2 (symmetric bending)

and the v 3 mode (antisymmetric stretch). These motions are said to be the normal 

vibrations of the molecules as all of the atoms move in phase with each other and at 

the same frequency.

H20  displays a distinct infrared absorption band in the 6.3 (xm region, from 1200 

to 2000 cm-1 , that corresponds to the v 2 fundamental mode. This band is called a 

vibration-rotation band. The and ^ 3  fundamental modes of H20  molecules are 

found close together in the 2.7 (im spectral region. In the 900 to 40 cm - 1  range, the 

pure rotational spectrum of H20  can be found.

In addition to strong emission lines, H20  also possesses a distinct less structured 

“continuum” absorption in the infrared spectral region. This continuous absorption 

tha t occurs over all infrared regions but exceeds line absorption in the infrared atmo

spheric window region, has been thought to be caused by a water dimer and from the 

self-broadening contribution (displacements of more than 25 cm - 1  from the line cen

tre often called far wing region) in the wings of H20  lines [Goody and Yung, 1989]. In 

recent times, the H20  continuum has been investigated using sophisticated [Ma and 

Tipping, 1999] and semi-empirical line shape models [Clough et al., 1989]. Although
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the far wing line absorption of H20  is thought to be the dominating cause, the dimer 

nature of the continuum has not been discounted [Paynter et ah, 2007].

2 .3 .3  Infrared sp ectroscop y  o f O3

The O3 molecule is an asymmetric top molecule tha t has a dipole moment in its 

electronic ground state and possesses three fundamental modes of vibration tha t are: 

the Vi mode tha t is the most active located at 1103 cm-1 , a weak v 2 mode emits at 

14.15 fim in a region close to the 15 pm emission of C 0 2, and the z/ 3 located at 1042 

cm-1 . In the 9.6 pm spectral region, the fundamental mode combines with the v\ 

mode leading to the generation of the O 3 vibration-rotation band [Goody and Yung, 

1989]. In addition to these regions, O3 molecules also have absorption features for 

electronic bands in the visible, and ultraviolet bands around 0.255 pm although these 

are not the focus of this thesis.

p p

Figure 2.2: Vibrational and rotational modes of H20  and O3 molecules, e.g. is centre 
of mass. Source: [Liou, 2002]

2.3 .4  S pectra l line in ten sity

Not all molecular transitions occur with the same probability. The spectral line 

tha t is produced following a molecular transition, in a vibration-rotation band, is 

characterised by a certain spectral line intensity and width tha t depends on the 

properties of the molecule and the atmospheric state. The spectral line strength
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is proportional to the probability tha t a photon will be emitted (or absorbed) for a 

particular transition and the spectral width or shape depends on the distribution of 

the transm itted or em itted radiance with frequency.

The intensity (S) or strength of a spectral line depends on the number of molecules 

tha t are available to make a particular transition and the absorption coefficient asso

ciated with a particular transition between energy levels of tha t gas:

5  =  J  k^dis (2.24)

where ku is the absorption coefficient. The integrated absorption coefficient over 

a line is related to the Einstein coefficients for absorption and stimulated emission of 

a transition from state i to state j. The integrated intensity of a vibration - rotation 

line in cgs units is given by:

87r3 rAf , —Ei
S l i n e  =  3 t e [ Q } Vi i e X P ( ~ k T ^ 1 ~  £ X P (  k T  ^   ̂ ^

where N is the overall density of molecules, T is the tem perature in kelvin and Q

is the internal partition function (which also depends on T). E* is the energy of the

lower state  and S^ is the transition line strength tha t is defined as the square of the

transition moment relative to an axis fixed in space.

2.3 .5  Spectra l line w id th

Spectral lines are not infinitely narrow but possess a natural shape tha t is charac

teristic of the species and the wavelength region [Lopez-Puertas, 2001]. Lines can be 

naturally broadened in the atmosphere, however, two external forms of line broaden

ing tha t can occur in the atmosphere are pressure broadening and Doppler broadening.

Pressure broadening: Spectral lines can be broadened by instantaneous collisions 

between absorbing molecules and between absorbing and non-absorbing molecules. 

Due to the pressure effect this is usually significant at altitudes below 40 km. The 

shape of these lines is given by a Lorentz profile.

Doppler broadening: Lines are also broadened by the Doppler effect from the 

difference of the thermal velocities of atoms and molecules. Usually this type of 

broadening occurs in the upper atmosphere. Along any path, a range of thermal
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velocities are observed tha t induce a range of Doppler shifts resulting in a broadening 

of lines.

In practise, Lorentz lines are more intense in the line wings in comparison to 

the Doppler lines. In the altitude range of 20 to 50 km, both Doppler and pressure 

broadening influence the effective line shapes and both depend on the mass and 

structure of a molecule and atmospheric tem perature and pressure. At standard 

tem perature and pressure, the Lorentzian line width of common atmospheric gases is 

at least two orders of magnitude larger than Doppler widths which can be neglected, 

meaning th a t the spectral line shape can be calculated using just the simple Lorentz 

line shape and width at the E arth ’s surface.

To calculate accurately the spectral lines of various gases in the mid-infrared, for 

example, in a radiative transfer model tha t require modelling of spectral lines, the 

mechanisms tha t can affect emission lines in the real atmosphere must be consid

ered. In regions where both Doppler and pressure-broadening can impact spectral 

line shapes, the two line shapes can be convolved to produce a hybrid line shape that 

accounts for these effects. This is called the Voigt profile and is given by:

Where y = (Xl/cxd is ratio of Lorentz broadening to Doppler broadening and 

x = {v — iy0 )/aD- S represents the integrated line intensity.

The absorption coefficients of various gases in the atmosphere can be obtained 

from laboratory-based spectroscopy experiments tha t measure the absorption cross- 

sections and line spectra of gases under conditions of varying pressure and temper

ature for specific wavenumber regions. A radiative transfer model is a key compo

nent of satellite retrieval algorithms tha t requires these spectroscopic measurements 

of trace gases to accurately model atmospheric spectra. Inaccurate measurements 

of the spectral properties of these gases lead to incorrect modelled spectra that in

evitably project onto the retrieved parameters. The following section describes how 

atmospheric spectra can be modelled using radiative transfer calculations.

2.3 .6  T h e V oigt profile

(2.26)
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2.4 Forward Modelling

A radiative transfer model can be used to calculate atmospheric limb radiances for 

various atmospheric conditions. A forward model must contain the relevant physics 

of the atmosphere as well as incorporate information about the observing instrument. 

The model should be optimised and numerically efficient so tha t it can handle large ar

rays and provide high-resolution accurately-calculated em ission/transm ittance spec

tra. To model emission radiance spectra, detailed calculations of the transm ittance 

of individual spectral lines are required and therefore line by line calculations are per

formed. Spectral line information, and for heavy molecules such as halocarbons, cross 

section files must be supplied to the model. For optimisation and temporal efficiency, 

often assumptions about atmospheric variability and processes must be made. The 

following section describes a state of the art forward model tha t is used to simulate 

MIPAS radiances in chapter four.

2.4 .1  T h e O xford R eference Forward M od el

The Oxford Reference Forward Model (RFM) is a line by line radiative transfer code 

tha t solves the radiative transfer equation for the measurement scenario of the MIPAS 

instrument. It is based on the GENLN2 code [Edwards, 1996] and it was designed to 

model atmospheric radiances observed by the MIPAS instrum ent although it can be 

used for many more applications. The model requires a driver table through which 

a user defined atmosphere can be specified. The driver must contain information 

about the measuring instrument such as its altitude above the E arth ’s surface and 

its instantaneous field-of-view (IFOV) as well as its spectral resolution. The model 

must be supplied with some estimate of the atmospheric parameters (such as pressure, 

tem perature and mixing ratios) that contribute to the radiance observed in specific 

wavelength regions [Dudhia, 1997].

2.4.1.1 RFM  features

The RFM calculates the radiances observed by an instrument by calculating the 

transm ittance for each gas tha t contributes to the spectral region of interest. The 

atmosphere state is sub-divided into atmospheric layers, implemented as concentric 

shells by the RFM, and assuming a constant radius of curvature for each ray path
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th a t can be defined in terms of elevation angle, geometric or refracted altitudes. 

Spectral calculations are performed using a two-pass system tha t first calculates

onto a fine mesh grid of 0.0005 cm - 1  resolution. This ensure tha t the narrowest lines 

are adequately sampled although a user defined irregular grid can also be defined. All 

spectral calculations are performed at a user defined resolution and a wavenumber 

range. Options to include Lorentz, Doppler and Voigt line shapes are also a compo

nent of the RFM. The continuum broadband absorption, or arbitrary grey background 

absorption, is an im portant component of the absorption in the atmospheric window 

region. It can be included in the radiance calculations for particular gases includ

ing H20  and C 0 2. The version 4.26 RFM model uses the “MT_CKD v l” for H20  

continuum. The default model setting is to assume th a t the atmosphere is in local 

thermodynamic equilibrium (LTE) and flags can be enabled for non-LTE processes.

2.4.1.2 Ray Tracing

Each ray trajectory through the atmosphere requires the knowledge on the lower 

boundary altitude and the local zenith angle at the lower boundary altitude and this 

is determined using Snell’s law. Once the ray paths (1) are defined, layer related 

slant path  column amounts (Ugj)  for each species, g, can be used to determine the 

Curtis - Godson weighted mean tem perature Tcg and pressure Pqg for each layer 

[von Clarmann et al., 2003]. The PcG.g and TcG,g are assumed to be constant within 

the layers and are given by equations 2.28 and 2.29.

2.4.1.3 Atmospheric profiles

The RFM requires atmospheric profiles of pressure in millibars, tem perature in kelvin, 

and gas concentration profiles of all atmospheric constituents tha t are to be used in the

lines on a coarse 0.5 cm 1 grid followed by an triangular interpolation of the line wings

(2.27)

Sl P g ( l ) p ( l ) d l (2.28)

f lPg(l)T(l)dl
(2.29)
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radiance calculations. These profiles can be taken from seasonally and zonally aver

aged climatological database such as the v3.1 MIPAS Reference Atmosphere database 

that has two components; the standard atmospheres and the Initial Guess 2 (IG2) 

climatology [Remedios et al., 2007]. The standard atmospheres characterise mean 

equatorial, mid-latitude day and night, and polar summer and winter atmospheric 

states. Maximum, minimum and one sigma profiles are also included to capture ex
treme atmospheric conditions. The database contains profiles of temperature, pres

sure and thirty six species that are represented on a 0  - 1 2 0  km grid of 1 km spacing. 

The standard atmosphere profiles are constructed primarily from the UARS Refer

ence Atmosphere Project (URAP) from which stratosphere trace gas observations 

from instruments onboard the UARS satellite are used. For H20  and O3 , the URAP 

climatology are combined with ECMWF and SAGE II observations and the 3D CTM 

model, MOZART, for tropospheric ozone distributions. The second component that 
is the IG2 climatology provide a zonal mean and seasonal climatology that encapsu

lates greater atmospheric variability. More details on the IG2 climatology are given 
in Chapter three.
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Figure 2.3: Maximum, minimum and mean Equatorial climatological profiles of H20 , 
O3 and temperature from the Standard Atmosphere climatology
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2.4.1.4 Spectroscopic database

The line and cross section data must be supplied in the form of a spectral database or 

specific cross section files. The RFM uses spectroscopic line information from stan

dard databases such as the GEISA, HITRAN but also a specific MIPAS database (see 

chapter three). Databases such as the HITRAN database [Rothman et ah, 2005] con

tain data  of more than 1 million spectral lines for 37 molecules. For aerosol and heavy 

molecules, cross section data files tha t contain the absorption coefficients for the ab

sorbing molecules at varying tem perature and pressures and for specific wavenumber 

ranges, must be supplied. These files can usually be downloaded from the HITRAN 

website (http://w w w .hitran.com ). Usually any appropriate database is sufficient for 

use with the RFM but it must be converted to binary format. Alternatively, the same 

line and cross section data can be supplied in the form of compressed Singular Value 

Decomposition (SVD) look up tables. These tables contain pre-tabulated absorption 

coefficients for all absorbers in a specific spectral range.

2.4.1.5 Instrum ent parameters

To simulate MIPAS radiances, the instrument characteristics such as the field-of-view 

(FOV) and the spectral response, or instrument line shape (ILS) for MIPAS must be 

supplied (see chapter three). To accurately model radiances, the viewing geometry 

of the instrument must be taken into account. The MIPAS FOV can be defined in 

terms of altitude or elevation angle and only a single FOV file is required for all 

spectral regions and altitudes as the FOV function is an independent instrument 

parameter. An instrument parameter tha t is dependent upon the spectral region is 

the ILS th a t is the spectral response of the instrument. The ILS functions for each 

spectral channel must be defined in separate files with which the model calculated 

spectra are convolved.

The RFM was recently part of a forward model inter-comparison experiment un

der the AMIL2DA project [von Clarmann et al., 2003]. The RFM radiance output 

was compared to other radiative transfer models including the Rutherford Appleton 

Laboratory’s Two-Dimensional Forward Model (FM2D) and the Optimised Forward 

Model (OFM) that is the model used to simulate MIPAS radiances for data process

ing. Radiance spectra was simulated under various cases that were set up to test the
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model output at infrared spectral regions at tangent altitudes of 10, 15, 40 and 100 

km. Line mixing, ILS and continuum effects for these region with the inclusion of 

various species, were examined. It was found tha t the RFM performed well in the 

comparison with the other models; relatively small spectra differences, often of the 

order of 0.1 nW, were found between the models. For reference, typical signals for 

H20  and O3 are of the order of 1000 nW at 1 2  km in the regions near 808 cm - 1  

and 765 cm-1, respectively, which are of interest in this thesis. The RFM is a zero- 

scattering model that does not incorporate multiple scattering processes, meaning 

tha t it does not compute the scattering source function but rather the Planck func

tion only. The following section describes a multiple scattering code that serves the 

purpose of calculating cloud radiances in the sub-millimetre and infrared spectrum.

2 .4 .2  T he F M 2D  m ultip le sca tter in g  m odel

The Two Dimensional Forward Model (FM2D) th a t was developed at the Rutherford 

Appleton Laboratory is a line by line radiative transfer model capable of calculating 

radiances in the 1-D (assuming atmosphere is spherical symmetrical) and 2-D vertical 

and horizontal modes [Kerridge et al. 2004a]. The FM2D model was originally 

designed for calculations at sub-millimetre wavelengths although it has recently been 

extended to include the mid infrared region. A major component of the FM2D model 

is tha t it calculates the multiple scattering source function for limb line of sights.

The scattering component in FM2D is based on an extended version of the multiple 

scattering code from the GOMETRAN model [Rozanov et al., 1997]. The GOME- 

TRAN model was originally designed for the UV-Visible region at the University of 

Bremen. The model calculates the scattering source function for rays traced through 

an approximated plane parallel atmosphere. The scattering source function, in the 

FM2D is calculated using Equation 2.30:

1 r  2 t t  /*7r
J\(fi,0,(j)) = —  / / -P(/x, Or, 4>r, 0, (j))sin(Qt)d6 id(j)/ (2.30)

47t J o J o

where P(fi, Or, 4>t, 0 ,4>) is the scattering phase function that describes the fraction 

of intensity from a beam of radiation from a direction Or, (f>r scattered into a direction 

0 , (f) tha t can be normalised to:
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p 2tv p it

/  /  P(ii,9/:(l)f,9,(j))sin(9/)d9/d(f)/ =  i n  (2-31)
Jo Jo

The scattering radiative transfer equation is solved using a finite difference method 

tha t involves three key steps: First, the phase function is expanded in terms of a 

Fourier series expansion and for the infrared region only the Oth order term in the 

series is considered (as scattering in the infrared region is isotropic) and secondly, 

the calculations are performed as azimuth independent equations for which the view 

direction is selected as a number of streams or elevation angles. A greater number of 

streams corresponds to greater accuracy.

The scattering phase function is calculated as a function of altitude, wavenumber 

and scattering angle and the angular dependence of the phase function is based on 

two input parameters tha t are: a) the Henyey-Greenstien asymmetry parameter, g, 

tha t is a single number tha t defines the complete phase function in terms of forward 

and backward scattering and b) the Rayleigh Function, R, tha t is used to define the 

Rayleigh phase function Pr term that contributes to the overall phase function that 

is calculated using Equation 2.32:

P(s, e ,  u) = R(s, u)PR{s, ©) +  (1 -  R)(s, u)PHG(g(s, u), @)P(s) (2.32)

To activate scattering in the FM2D model, four param eters must be defined by 

the user are: the wavelength of the spectral region, the cloud altitude and thickness, 

the effective radius R#, and the ice water content (IWC) th a t is a measure of the 

amount of ice water in a certain volume and is measured in units of gm-3 , must be 

defined by the user. The scattering component in the FM2D model utilises a particle 

size distribution table based on in situ observations of microphysical cloud properties 

[Kerridge et al. 2004a]. Once defined, the R^ are interpolated onto the internal 

particle size distribution which come from a set of nine particle size distributions 

based on a state-of-the-art aggregate particle shape model by Anthony Baran of the 

UK Meteorological Office (UKMO). Definition of these properties allows the bulk 

optical properties, namely the scattering and absorption coefficients to be calculated.

The FM2D model is initialised by two driver tables tha t can be thought of as the 

sensor and atmosphere driver tables that take into account the defined atmosphere 

as well as the characteristics of the observing instrument. The sensor driver table
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requires information on: the altitude and the view (limb or nadir) of the instrument; 

the instrum ent spectral response or the ILS; the retrieval grid, the tangent altitudes 

of the measurements and the spectral range of interest and the spectral resolution 

required for the calculations.

Similarly, the atmosphere driver table requires information on pressure and tem

perature for which a climatological profile such as those from the Standard Atmo

spheres, described earlier, would be suitable; the number and full list of interfering 

absorbers; assumed line shapes, or continuum files for the interfering gases; spectro

scopic and cross section information on target and interfering gases such as those from 

the HITRAN spectroscopic database. Finally, if including scattering, the wavelength 

of the region being simulated with information about the IWC and an effective size 

of ice particles must also be defined.

2.5 Retrieval theory

The radiance measurements obtained by satellite instruments can be used to estimate 

the concentrations of atmospheric constituents, pressure and tem perature. A retrieval 

methodology tha t takes into account the state of the atmosphere and the character

istics of the measurement and the associated errors, can be used to infer such infor

mation by solving some approximated form of appropriate physics equations. The 

problem of retrieving an atmospheric profile from an indirect measurement, such as 

tha t from a remote sensing satellite, is often ill-posed and ill conditioned. For exam

ple, due to the ill-posed nature of the retrieval problem, the retrieval of an atmospheric 

tem perature profile may possess more than one solution of which some may not be 

consistent with what is observed in the “real” atmosphere [Thompson et al., 1986]. 

Clearly, the retrieval problem requires some method to distinguish what the actual 

solution may be. Most real inversion problems are non-linear and do not possess an 

unique solution in which case, a solution, from a number of possible solutions, can be 

found by constraint or extra information. Usually, the solution has to be inferred from 

a set of finite atmospheric measurements that represent continuous parameters in the 

atmosphere such as concentration profiles. The following section introduces retrieval 

theory which largely follows the theory described in Rodgers [2000] and Carlotti et al. 

[2 0 0 1 ] for the methods used to retrieve constituent profiles from the atmosphere.
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2.5 .1  D efin ition s

The measurement of a parameter that provides information about the atmosphere (for 

example, atmospheric radiance spectra) can be defined as the m easurem ent vector  

or y. The sta te  vector tha t describes the state of the atmosphere is defined as x. 

The quantity y, tha t has m elements, is related to x, tha t has n elements, by the 

forw ard fu n ction , f(x,b). The forward function describes the relationship between 

the measurement and state vectors and b is the forw ard function  param eters a set 

of quantities, such as interfering gases, atmospheric pressure and temperature, that 

affect the measurement but are not known exactly. All instruments possess an error 

and for the quantity, y, an associated error tha t represents the measurement error or 

random noise in the measurement is given by e.

The general equation tha t describes the retrieval scenario and relates all of the 

above parameters is given by;

In practise, the forward function is represented by a forward model F(x) that 

approximates the physics of the atmosphere and the instrument. Equation 2.33 can 

be written as:

The forward model requires knowledge of how the instrum ent observes the atmosphere 

as well as how the measured quantities relate to desired quantity such as how radiance 

relates to a tem perature profile.

2.5.1.1 The weighting function matrix

As explained above, the retrieval problem is often non-linear. One way to approach 

this problem is to linearise the forward model about some reference state, x OJ in which 

case the information content of a measurement can be more easily sought. This is 

shown by Equation 2.35:

y =  f(x,b) + £ (2.33)

y  = F(x) + e (2.34)

, OF (x).  
y -  F(x0) = ~  x o) (2.35)

In which case, the first term on the left hand side can be written as:
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(2.36)

K  is a weighting function matrix of m x n elements and represent the partial deriva-

gives information about the sensitivity of each element of F to each state element 

and is also known as the Jacobian matrix or sensitivity kernel. In the case tha t 

there are more measurements than unknowns ( so m > n) the retrieval problem is 

said to be over-constrained or over-determined and conversely, when there are fewer 

measurements than unknowns, the retrieval is said to ill-posed or under-constrained.

2.5.1.2 M aximum Likelihood estim ation

The aim of a satellite retrieval is to find the best solution, or estimate of the desired 

state, given an atmospheric measurement y. Often, a Bayesian approach is used that 

allows a number of possible states to be defined using the information about the 

measurement, the forward model and all associated errors. Using this information 

and for mathematical simplicity, assuming a normal Gaussian distribution of the all 

states, a probability density function for all possible states can be defined. In practise, 

only a single state from a range of possible states is required and this is essentially 

is the “solution” to the retrieval problem. If P (x) is a probability density function 

(pdf) of the state, x, and P (y) is the pdf of the measurement y, a conditional pdf 

of x given y can be defined as P(x|y). The most likely state  (i.e. the mean state 

averaged over the pdf) from an ensemble of all possible states or pdf corresponds to:

where P(x|y) is the pdf and x is the “solution” . Assuming a gaussian pdf, the mean 

state averaged over the pdf corresponds to the solution and the width, or variance of 

the pdf, is an estimate of the associated error.

The best solution can be found using a non-linear least square fitting technique 

tha t consists of fitting a simulation using a forward model to the real observations. 

One way is to use the maximum likelihood estimation (MLE) theory tha t looks for a 

solution by minimising some function, y 2, that is defined as the square summation of 

the differences between observations and simulations weighted by the measurement

tive’s of the state vector element’s in the forward model. The weighting function

(2.37)
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error.

An alternative method tha t is used to find a solution can be using some prior 

knowledge of the unknown continuous quantity. If the best solution is found using 

prior knowledge, then the m axim um  a posteriori (MAP) solution is used tha t is based 

on finding a state tha t maximises the posterior pdf. An a priori profile is one tha t 

provides the best independent estimate of the quantity being measured and is used 

alongside the measurement itself to obtain a best estimate of the solution. Typically, 

the a prio ri corresponds to either a climatological profile and variance profile of the 

desired quantity or a previous measurement of the quantity.

2.5 .2  S o lu tion  w ith ou t a p rio ri

Given tha t x is an assumed profile of the desired quantity, and tha t the simulation 

corresponding to a measurement y is F(p,x), the vector tha t defines the difference 

between the simulation and the measurement is R  and is given by:

R =  y — F(p, x) (2.38)

If Sy is the noise covariance m atrix associated with the measurement, y, the \ 2 

function th a t is to be minimised with respect to the unknown x is:

X 2 = R r S y R  (2.39)

As the retrieval problem is not linear, and assuming that the \ 2 function is well 

approximated by a quadratic form, y 2 can be expanded in a Taylor series and now 

becomes:

X2(x) =  x 2(x) +  VX2d + i d 7' W d  (2.40)

Where d is x — x tha t is the correction to be applied to the assumed value in order 

to obtain the correct value, x . V and V 2 are the gradient and the Hessian of the y 2 

function respectively. Writing Equation 2.40 in terms of K, the Jacobian matrix:

r) TC
X2(x) =  X2(x) -  2(KTS “1R )Td +  2dT(K r S“ 1K -  ^ S ; 'R ) d  (2.41)
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If the problem is linear, then the value of d tha t minimises the \ 2 function corre

sponds to the Gauss-Newton solution is given by:

d = (K t S " 1K ) - 1K t S - 1R  (2.42)

In which case, the solution x  is equal to x  =  d +  x. If the problem is not linear which 

is often the case in the atmospheric retrieval problem, then an iterative procedure is 

used to find x  where the vector x  =  d + x provides a better estimate of x.

In a linear retrieval method, the objective is to obtain a state, from an ensemble 

of states, tha t satisfies some degree of optimality and is within some experimental 

error. Non-linear problems can be linearised about some point with some optimisation 

criterion to be satisfied. Such problems do not possess an explicit expression for 

optimality therefore the solution to such problems must be found numerically and 

iteratively. Two iterative methods tha t can be used to obtain the best solution from 

a non-linear problem are the Newtonian iteration and the Levenberg- M arquardt 

iterative method described below.

2.5 .3  Itera tive m ethod s

For a non-linear problem, the Newtonian iterative method describes a way of obtain

ing the zero gradient of the cost function. The Newtonian iteration tha t is used to 

obtain a solution for x  is given by:

X-iter =  X-iter— 1 T { ^ i t e r - l ^ y  ^ i t e r — l) Kj£er_ R^er- 1  (2.43)

Where x^er is the new estimate of x  and x^er_i is the result of the previous 

iteration. K jtcr_i =  aF^ '^ ter" 1 ̂  and is the Jacobian relative to the previous iteration 

and Riter_i =  y — F(p, x^er_i) and is the residual term between the simulation and 

the measurement. After each iteration, \ 2 (cost function) value can be evaluated 

under some convergence criterion.

To establish when a value that is close enough to minimum of \ 2 is reached, some 

convergence criteria are required. This method is usually only sufficient for processes 

with weak nonlinearities. If the \ 2 value is far from the minimum, the calculated 

correction factor could be far from the minimum in which case the residual could 

increase.
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Sometimes in a Newtonian iterative process, the true solution can be far from the 

current iteration and in fact further iterations do not change the residual (or could 

in fact make the residual larger). In such a case, a Levenberg-Marquardt iterative 

retrieval can be used. For Levenberg-Marquardt procedures, a constant term can 

be incorporated into the iterative process tha t is evaluated after each iteration to 

aid convergence of the retrieval. The term, A is chosen after each iteration in order 

to minimise the cost function and reduce the amplitude of the parameter correction 

vector. The Gauss-Newton iteration now becomes:

x ifer — X - i t e r - 1 +  {^-Jter-l^y 1̂ -iter-l +  ^1) l ^ i te r - \Sy 1Riter-l (2.44)

where I is the unit m atrix and the term A is initialised by the user tha t increases 

or decreases depending on whether y 2 increases or decreases. If A is increased, then 

the step direction tends to the steepest descent and the step size between the current 

and previous iteration tends to zero. The optimal solution that maximially reduces 

the cost function is found as A decreases from infinity. For computational efficiency, 

the A value can be evaluated and updated at each iteration step, either increasing or 

decreasing after each step. The expectation value of y 2 is given by (n - m) and the 

standard deviation is given by yj(n — m). Using these, the quality of the retrieval 

can be found by:

Qualitynetr = --------  (2.45)
n — m

If this value deviates largely from unity then it can indicate errors in the assumptions 

used in the retrieval.

2.5.3.1 Retrieval convergence

The Gauss-Newton or Levenberg iterations stop once some suitable convergence crite

ria is reached. Usually, the difference between the current iteration and the previous 

iteration is a good indicator of the retrieval convergence. Often the variation of the 

values can be compared to some threshold value. For instance, the y 2 value of the 

current iteration can be compared to the previous iteration and if it falls below some 

pre-defined threshold ti, the retrieval converges as shown in Equation 2.46.
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IX (Xjfer-l) X f a i t e r )   ̂| + ( n

1 } l < t l  ( 2 ' 4 6 )

Another method of reaching retrieval convergence is to allow the iteration index, 

iter, or number of iterations to reach some pre-defined threshold number t 2 where:

iter < t2 (2.47)

2.5.3.2 The Gain matrix

The measurement gain or G describes how the solution is affected by a change in the 

measurement, y, and is given by:

G = ^  (2.48)

The gain is also known as the contribution function and relates the unknowns to 

all of the measured quantities. It is given by:

G = (Kr S“1K )_1Kr S"1 (2.49)

In terms of G, the solution x is essentially equal to:

x — Gy (2.50)

2.5.3.3 The averaging kernel matrix

The sensitivity of the retrieval to the true state, x is described by the averaging kernel 

m atrix :

<9x
A = ^  (2.51)

ax
In terms of the contribution function and the Jacobian matrix, A is given by:

A = GK (2.52)

The solution x can be found in terms of the true atmospheric state x and by 

expanding A about a generic atmospheric state x 0:
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X -  x0 = A(x -  xD) +  Sx (2.53)

x  =  Ax + x0 — A x0 +  Sx (2.54)

Where xc «  A x0. The averaging kernel provides a description of how the observ

ing instrument modifies the true state of the atmosphere. The rows of the averaging 

kernels can be regarded as smoothing functions tha t generally tend to peak at partic

ular tangent heights representing the tangent height from which the state information 

comes from. The half-width of the averaging kernels represents the spatial resolution 

of the instrument and the area, tha t should be less than one indicates how much of 

the retrieval comes from the real data  and how much is influenced by the a priori. In 

an ideal retrieval method, the averaging kernel m atrix would be:

2.5.3.4 Retrieval errors

The error tha t is associated with the solution is found by mapping the experimental 

uncertainty, tha t is essentially the instrument noise, into the retrieved parameter. 

This is characterised by the variance covariance m atrix given by:

The quantity Sx indicates several things about the retrieval: as well as providing 

the estimated standard deviation of the retrieved parameter, the square root of the 

diagonal elements of Sx is the root-mean-square error of the corresponding retrieved 

parameter. The off-diagonal elements of the m atrix Sx, tha t is sxij, can be normalised 

to the square root of the product of the two diagonal elements sxii and sxjj and 

provides a correlation coefficient between parameters i and j tha t is essentially the 

correlation coefficient between the adjacent tangent layers.

2.5 .4  S olu tion  w ith  a p r io ri

If a priori information of the unknown parameters is available then xa is the a priori 

profile and its associated covariance is given by Sa. The cost function to be minimised

(2.55)

S* = GSj,Gr = ( K ^ K ) " 1 (2.56)
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in this case is given by:

x 2 = (x -  xa)r S0 1( x -  xa) +  R r S# 1R (2.57)

The Gauss-Newton iteration and the variance covariance matrix of the retrieved 

parameters now become:

In this chapter, the principles of the infrared limb sounding technique were described, 

with a description of the processes involved in the interaction of radiation with a t

mospheric m atter in clear sky and cloud conditions. The principles relating to the 

spectroscopy of H2O and O3 in the infrared spectrum to measure the spectral features 

of both gases in an emission spectrum were described.

An absorption only radiative transfer model and a multiple scattering forward 

model, both capable of modelling atmospheric emission spectra, and used later in 

this thesis were described. These two models will be used in chapter four to model 

emission spectra measured by the MIPAS instrument.

Finally, the methods used to invert a infrared emission spectral measurements 

from a limb sounding satellite into a meaningful concentration profile wrere reported. 

The retrieval scheme that is described in this chapter relate to the methods used 

by the operational MIPAS processor and other scientific algorithms employed by the 

MIPAS community. Details of the operational retrieval scheme will be given in the 

following chapter with a description of the MIPAS instrument.

(2.58)

Si = (iC S j'K  + SJ1)~* (2.59)

2.6 Summary
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C hapter 3

T he M IPA S instrum ent

3.1 The ENVISAT Satellite

On March 1 st 2002, the ENVIronmental SATellite (ENVISAT) mounted onboard 

an European Space Agency (ESA) Ariane-5 rocket, was successfully launched into a 

polar sun-synchronous orbit from Kourou, French Guiana. ENVISAT carries a suite 

of instruments dedicated to monitoring of the E arth ’s atmosphere, land, sea and 

ice, making it Europe’s largest earth-observing satellite. In essence, the ENVISAT 

mission is a continuation of the multidisciplinary first and second European Remote 

Sensing Satellites (ERS -1 and ERS-2) tha t were consecutively launched in 1991 and 

1995. Although there will be a diminishing fuel supply, the ENVISAT mission should 

remain active until 2 0 1 0  and possibly longer with extended lifetime scenarios being 

actively investigated by ESA at the current time. This is at least five years longer 

than the design of a five year mission lifetime.

ENVISAT encompasses a payload module and a separate service module, that 

contains the satellite support systems (attitude and orbit control, power generation, 

thermal control and data  handling systems). It has a total mass of 8.2 tonnes of 

which 2.1 tonnes belongs to the payload instruments. A solar panel, located in the 

sun direction, supplies an average of 2 kilowatts of power to the instruments. The 

ENVISAT orbits the earth a t a mean altitude of 799.8 km with an orbital speed of 

7.45 km/second and an orbit period of 100.59 minutes. This results in 14.3 orbits 

per day and a repeat orbit cycle, tha t is the time taken for an orbit to pass over 

a specific location, tha t takes 35 days. An orbit inclination of (98.55°) maintains a
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constant position in relation to the sun and allows ENVISAT to pass the equator at 

the same local time, otherwise known as the Mean Local Solar Time (MLST), of 10

a.m. in the descending (southwards) node and 1 0  p.m. in the ascending (northward) 
node.
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Figure 3.1: Instruments onboard the ENVISAT module. Source: ESA [2007]

Collectively, the ENVISAT payload consists of instruments specifically selected to 

observe the complete Earth system over a wide range of wavelengths in the electromag

netic spectrum. The payload constitutes three atmosphere-observing instruments, a 

synthetic aperture radar, two instruments designed to measure surface properties of 

the land and sea, a radar and microwave radiometer and two ENVISAT position 

tracking instruments. The following section will describe the MIPAS instrument, 

from concept, design and operation to the calibration and data retrieval.
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3.1 .1  M IPA S h istory  and con cep t

Since the early 1980s, the Institu t fur Meteorologie und Klimaforshcung (IMK) have 

developed ground, balloon and aircraft versions of the MIPAS instrument that have 

successfully measured high quality, high-spectral resolution atmospheric emission 

spectra [Fischer and Oelhaf, 1996]. Their legacy continues with the MIPAS instru

ment; the first space-borne cooled interferometer.

The MIPAS instrum ent (sometimes referred to as the MIPAS-E instrument) [Fis

cher et al., 2008] is a high resolution Fourier Transform Infra-red Spectrometer tha t 

measures atmospheric limb emission spectra by observing horizontally through the 

E arth ’s atmosphere. It measures atmospheric radiances in the mid-infrared region 

from 14.6 to 4.5 microns (685 cm - 1  to 2410 cm-1), meaning it can detect in day and 

night conditions, with a spectral resolution of 0.025 cm - 1  unapodised [Endemann, 

1999]. Its dual-slide rapid-scanning interferometric technique enables all frequencies 

in its optical range to be scanned simultaneously capturing the unique fingerprint of 

up to 25 atmospheric constituents. Its components are cooled to 200 K to achieve high 

radiometric sensitivity. MIPAS was designed to continuously measure the E arth ’s ra

diance over a five year lifetime [Endemann et al., 2000]. However, in March 2004, the 

instrument encountered a series of mechanical problems and operations temporar

ily ceased. MIPAS operations resumed in January 2005 under a new measurement 

regime. The following sections will describe the full resolution “nominal” mode with 

which MIPAS operated in from July 2002 to March 2004. Details of the new obser

vation mode will be given at the end of this chapter.

3 .1 .2  M IPA S O b jectives

MIPAS observations of the E arth ’s atmosphere have and will continue to contribute 

to a number of key scientific topics. The primary objective for the MIPAS instru

ment is to study the dynamics and chemistry of the upper troposphere, stratosphere, 

mesosphere and lower thermosphere [Fischer et al., 2008]. The MIPAS instrument 

can provide global, day and night observations for application towards studying the 

following scientific domains:

1 . Stratospheric chemistry: in particular, ozone depletion, the role of chloroflor- 

carbons (CFCs) in the lower stratosphere, OH radical chemistry
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2 . Atmospheric dynamics, stratosphere - troposphere exchange: the processes in

volved in re-distributing trace gases globally and from the troposphere to the 

stratosphere (and the reverse).

3. Upper troposphere and lower stratosphere studies, transport of natural and 

anthropogenic greenhouse gases between the regions. The impact of biomass 

burning and industry on tropospheric O3 and other trace gases.

4. Polar stratospheric clouds (PSCs) and cirrus clouds: the distribution and occur

rence frequency of clouds as well as the top height, temperature and formation 

of the clouds can be studied.

5. Upper atmosphere studies, with focus on the upper atmosphere dynamics and 

tem perature structure.

6. Climatological study and weather forecasting.

In support of these broad objectives, data  from MIPAS have successfully provided 

measurements of non-operational species. Recently, Fischer et al. [2008] reported of 

some of the first spaceborne measurements of some im portant tropospheric species 

such as Peroxyacetyl N itrate (PAN) as well as other species such as ethane (C2 H6 ) 

and carbon monoxide (CO) retrieved from MIPAS indicating th a t it has successfully 

fulfilled some of its scientific requirements.

In the following sections, a description of the MIPAS instrument, from design to 

measurement principles and data  are presented tha t are based largely on Fischer et al. 

[2008] and the official ESA MIPAS product handbook [ESA, 2007], any deviation from 

these sources are stated within the text.

3.2 The MIPAS measurement geometry and in

strument layout

The MIPAS instrument is located on the anti-sun side of ENVISAT (next to the 

AATSR instrument) and this position ensures tha t its optical components are masked 

from any earthshine. In full spectral resolution “nominal” mode, it collects radiance 

from its rearward or anti-flight pointing instantaneous field of view (IFOV) of 3 km
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x 30 km and samples atmospheric profiles with a 3 km vertical resolution at tangent 

heights 6  km to 42 km, 5 km resolution from 42 km to 52 km and 8  km resolution from 

52 km to 6 8  km. The distance of MIPAS from the limb tangent point is approximately 

3000 km. Each vertical profile is measured approximately 500 km (about 5°) along- 

track and between 100 km and 800 km across track. The MIPAS instrument has 

a second FOV of 3 km x 35 km that points sideways, in an anti-sun direction and 

is used when the instrument enters a “special” mode. One complete elevation scan 

measurement is achieved in approximately 76 seconds with each tangent height or 

sweep being measured in 4.45 seconds. This geometry allows the instrument to obtain 

75 profiles per orbit which correspond to around 31080 profiles per month when 
MIPAS was in daily operation.

800 km

Satellite 
Ground Track

Height
cm Rearward 

Viewing Range
Sideways 
Viewing Range

Figure 3.2: Observational geometry of the MIPAS instrument. Source: ESA [2007]

3.2.1 Observational m odes

The MIPAS operates in the nominal mode for 80 % of the time; the remaining 20 % 

operation time is distributed to the special modes where the vertical sampling and 

altitude range is modified to make specific measurements of certain regions in the at

mosphere. In this thesis, only measurements from the full spectral resolution nominal 

mode are investigated in order to study the behaviour of the H2O and O3.

64



3 .2 .2  Instrum ent design  and layout

The MIPAS has a compact design, with dimensions of 1.36 m in the flight direction 

and 0.74 m in the nadir direction and weighs about 170 kg. The instrument is divided 

into two main sections: the MIPAS Optics module or the MIO (located in the anti- 

sunward direction) and the MIPAS Electronics module or the MIE (located on the 

anti-flight direction).

The MIO is a multi-layer insulated subsystem th a t contains the main components 

of the MIPAS instrument: 1) The Front-End Optics tha t hold the input telescope 

and mirrors, 2) the Interferometer section and 3) the Focal Plane subsystem that 

houses the MIPAS detectors. All optical components are cooled to 205 K by a large 

radiator to ensure the instrum ent’s self-emission does not contribute significantly to 

the detected signal from the atmosphere. Radiation enters the instrument through 

two tilted rear-pointing and side-pointing baffles, tilted to restrict any incident stray 

light, th a t are located below the MIO. The rearward-pointing baffle is used in MIPAS 

full resolution nominal mode with the side baffle only being used for special mode 

observations. The following section describe how the MIPAS instrument measures 

the E arth ’s atmosphere.

3.2 .3  M easuring th e  atm osphere w ith  th e  M IPA S

Thermal radiation enters through the rear baffle located at the bottom-end of the 

instrument. It passes through the Azimuth and Elevation scan units (ASU and ESU) 

th a t collectively select the Line Of Sight (LOS). The ASU contains a flat steering mir

ror tha t rotates about an axis parallel to the nadir to direct light into the instrument. 

The ESU mirror selects the actual limb height of the measurement by tilting over a 3° 

angle in the vertical plane. This small angle is sufficient to select limb tangent heights 

from 6  km to 6 8  km as well as a 250 km view for a deep space calibration scene. In 

the nominal mode, the MIPAS measures at 17 tangent heights and each elevation 

scan measurement begins at the top tangent altitude. The radiation proceeds to the 

instrum ent’s anamorphic telescope where it is collimated to match the input optical 

dimensions of the interferometer.
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Figure 3.3: Schematic of the MIPAS MIO layout. Source: ESA [2007]

3.2.4 The M IPAS interferometer

The MIPAS interferometer is based on the principles of the classic Michelson-Morley 

interferometer with some modifications made to fulfil the radiometric and spectro

scopic, continuity and size requirements for the MIPAS instrument. The interferom

eter has two input and output ports, to increase the detected signal-to-noise ratio 

and provide redundancy, and two sliding corner cube reflectors that each move over 

a physical path of 10 cm. This achieves a total maximum path difference (MPD) of 

20 cm to fulfil the 0.025 cm- 1  spectral resolution requirement.
Once in the interferometer, the radiation hits a beamsplitter that transmits ap

proximately 50 % of the incident radiation and reflects the remaining 50 % toward two 

sliding corner cube reflector mirrors. The cube-corner mirrors are designed so that any 

incident and reflected rays do not overlap as they travel to and from the beamsplitter. 

The cube-corner slides are guided by dry-lubricated mechanical ball bearings, that are 

driven by a force generated by magnetic actuators in two Interferometer Drive Units 

(IDU). Also within the interferometer, is an Optical-Path Difference Sensor that is 

a built-in circularly-polarised 1.3 micron laser interferometer. It is used to control
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Figure 3.4: The MIPAS Interferometer. Source: ESA [2007]. Atmospheric radiation 
enters through the input port, passes through the interferometer from which it is 
directed towards to output ports containing MCT detectors. Note the interferogram 
pattern at each output port (See text for detail)

the slide velocity with an error of less than 1 % rms. The laser is injected into the 

interferometer via optical fibres and triggers the sampling of the atmospheric signal, 

at precise increments along the optical path with a required sampling accuracy of 

30 nm. The split radiation beams are reflected back to the beamsplitter where they 

recombine and constructively or destructively interfere. The recombined signal is di

rected through two outport ports where eight Mercury Cadmium Telluride (HgCdTe 

or MCT) detectors record the variation in the interference pattern.

3.2.5 Interferogram sam pling

The intensity of the interference pattern is controlled by the optical path difference 

between the moving retro-reflectors. The interference pattern produced by the beams,
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or interferogram is a function of wavelength and the spectral intensity of the incom

ing radiation. A single interferogram is obtained when the two reflectors move in 

opposite directions over a 10 cm path. Thus, in total, the motion of the two reflectors 

equates to a maximum optical path  difference (OPD) of 20 cm (twice the physical 

path  difference). As the OPD of the reflectors change, the resulting intensity of the 

combined beams also changes due to constructive and destructive interference. At 

zero path  difference (both mirrors perfectly aligned at position 0  mm) constructive 

interference occurs as shown by figure 3.4. Thus, the entire MIPAS spectral range 

is measured in a single mirror sweep over the OPD meaning tha t all frequencies are 

simultaneously measured in a short period (this leads to the multiplex or Fellgett’s 

advantage [Griffiths and de Haseth, 1986]). A single interferogram, measured in 4.5 

seconds, corresponds to one tangent height measurement. To convert this interfer

ogram from a spatial to spectral domain, a computational algorithm called a Fast 

Fourier Transform, FFT, can be performed that applies a discrete Fourier Transform 

(DFT) to each point in the interferogram thus reconstructing it into a spectrum as 

function of energy and frequency [Griffiths, 1975]. In addition to the atmospheric 

measurements, the interferograms are also used in the calibration modes which are 

described further in the sections below.

3 .2 .6  D etec to rs  and sp ectra l ranges

The MIPAS detectors are arranged with four detectors at each outport port. This 

provides redundancy for 3 of the channels if a detector fails as well as increasing the 

signal to noise ratio. The MIPAS wavelength range is split into five bands and all 

detectors are optimised to detect specific spectral bands. Photo-conductive HgCdTe 

(PC-CMT) detectors are used to detect the long-wave (14.6 to 7 microns) spectral 

range and photovoltaic HgCdTe detectors cover the short-wave (7 to 4 microns) range. 

A tem perature of 70 K is maintained by two Stirling cycle coolers and reduces any 

internal noise contribution from the detectors.

The output signal of the MCT detectors have been shown to display a non-linear 

behaviour in relation to the input photon flux, tha t is dependent on the detector 

material, age, and temperature. The response of the detectors were tested pre-launch 

in a specialised thermal chamber to calculate detector scaling factors tha t are used to
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Band Detector Spectral range (cm J)
A A l A2 685-970

AB B1 1020-1170
B B2 1215-1500
C C l C2 1570-1750
D D 1 D2 1820-2410

Table 3.1: MIPAS detectors and spectral regions

characterise the non-linearity of the detectors and the incident photon flux. The char

acterised non-linear behaviour is cross-checked with in-flight data, and comparisons 

of the on-ground and in-flight data have shown tha t the accuracy of the corrections, 

when applied to the calibrated scene spectra are to within a few percent.

3 .2 .7  M IPA S electron ics

The MIPAS electronics module is comprised of the signal processing electronics (SPE) 

tha t digitises the signals, and generates formatted data packets tha t are then sent 

to the platform bus in preparation for transmission to the ground. The operation of 

the MIPAS instrument such as recording of instrument events, monitoring the equip

ment and processing of MIPAS housekeeping data are performed by the adjoining 

Instrum ent Control Unit (ICE).

3.3 MIPAS performance

Any emission arising from noise sources within the detectors or thermal emission 

from the optical components will contribute to the instrument signal. The radiometric 

calibration characterises the instrument self-emission and is performed in two steps in 

which MIPAS measures “cold” and “warm” targets. Each interferometer sweep tha t 

corresponds to a calibration measurement is performed at a low spectral resolution 

(l/1 0 th  the nominal spectral resolution) taking 0.4 seconds and requires an ensemble 

of measurements tha t are co-added to increase the signal to noise ratio.

3.3 .1  O ffset m easurem ent

A deep space measurement, in which radiance is measured at a tangent altitude of 250 

km constitutes the offset calibration and accounts for the instruments self-emission.
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These measurements are performed once every 4 elevation scans amounting to 20 offset 

measurements per orbit, and account for tem perature variations along the orbit. They 

consist of several low resolution interferometer sweeps in the forward and backward 

direction. The “cold” deep space observation provides a scene of negligible radiance 

from which the instrument overall thermal emission is determined and is subtracted 

from each atmospheric measurement. The offset measurement requires a total of 600 

interferometer sweeps and takes approximately 16.15 seconds.

3.3 .2  G ain  m easurem ent

The gain calibration is performed once per week and requires the instrument to make 

a deep space and internal blackbody observation. The internal blackbody has an emis- 

sivity greater than 99.6 % and when heated to 250 K is used to test the instruments 

response in each channel at a tem perature corresponding to high radiance emissions. 

The deep space measurements in the gain measurement are performed explicitly to 

correct the blackbody measurements and in total, 600 deep space and 600 blackbody 

measurements are required for the gain calibration. The radiometric gain stability 

has been found to be better than 1.5 % per week and one of the contributors to the 

changing gain is ice contamination of the detectors.

3 .3 .3  S pectra l ca libration

Spectral calibration requires several radiometrically - calibrated atmospheric limb 

measurements from which the positions of reference spectral lines (see Table 3.2) are 

retrieved to appropriately assign wavenumbers to the measured spectra. These are 

compared to well known peak positions in accordance with the reference spectral 

lines, in each of the MIPAS spectral bands. The correct spectral location is obtained 

by appropriately shifting the measured spectra to match the theoretical spectra. This 

calibration is performed every four limb sequences, or 320 s.

3 .3 .4  Instrum ent Line Shape R etrieval

The instrument line shape or ILS, is a function th a t describes the instrument response 

when measuring a spectral line of negligible width. The ILS is directly related to 

the MPD of an instrument, as the greater the MPD, the narrower the instrument
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Band Target
gas

Peak po
sition 
(cm-1)

Spectral
interval
(cm-1)

Tangent
altitude
(km)

Number 
of coad
ditions

Used in 
ILS cali
bration

Used in 
spectral 
calibra
tion

A o 3 802.5074 802.40 - 
802.62

30 1 yes yes

AB o 3 1125.2085 1125.10

1125.30

30 1 yes no

B h 2o 1409.9686 1409.85-
1410.08

50 1 yes yes

C h 2o 1672.4750 1672.40

1672.55

50 1 yes yes

D h 2o 1966.2615 1966.00

1966.50

50 1 yes yes

Table 3.2: Spectral lines and intervals used for MIPAS ILS and spectral calibration. 
Source [ESA, 2007]

lineshape arising from the boxcar truncation and the finer the maximum spectral 

resolution attained. The ILS retrieval is performed by selecting specific wavenumbers 

th a t contain a single peak of some reference species and fitting some theoretical 

spectra to the reference lines. The ILS retrieval is performed once per week and is 

provided in the MIPAS Level IB product (discussed later). The reference spectra 

tha t are used for the ILS retrieval and spectral calibration are shown in Table 3.2.

3.3 .5  L ine o f sight calibration

The line of sight measurement is performed once a week to determine the point

ing error required to correct elevation angles and pointing biases. The trajectory 

of stars passing through the IFOV are compared to the expected time of star pass

ing calculated by taking into the account the orbital position of the satellite. Any 

differences between the expected and measurement in time of star passing indicates 

pointing errors tha t are then appropriately determined using a model characterising 

the ENVISAT position along the orbit. Kiefer et al. [2007] investigated the point

ing performance of MIPAS by analysing the retrieved altitudes from MIPAS data 

with the engineering altitudes tha t are characterised by the position of the ENVISAT
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satellite. The MIPAS engineering altitudes have been discovered to be too high by 

0 - 1 . 8  km [Kiefer et al., 2007] and there is a systematic pointing difference between 

the tropics and poles of 1.5 to 2 km.

3.3 .6  M IPA S field o f v iew

The MIPAS FOV response and the co-alignment of the detector channels has been 

characterised in pre and post-launch modes to determine the response pattern and 

associated variation in each channel. This is acquired by scanning the MIPAS line 

of sight across an infrared bright source from which the response of the individual 

detectors as a function of elevation and azimuth offset can be obtained from the 

spectrally integrated signals from each channel. Kleinert et al. [2007] reports tha t 

there is generally good agreement between pre-flight and post launch FOV widths and 

the co-alignment of the detectors, with only minor deviations in the FOV response 

due to therm al perturbations.

3 .3 .7  N o ise  E quivalent Spectral R adiance

The radiometric sensitivity of MIPAS measurements is determined by the Noise 

Equivalent Spectral Radiance (NESR) tha t quantifies the noise observed in the spec

tra, in terms of incident radiance, and is dependent on the spectral range, channel 

and profile. The pre-flight required NESR, for each MIPAS band, is shown in Table

3.3 and Figure 3.5. Recently, [Kleinert et al., 2007] reported th a t the NESR has not 

degraded in any systematic way since MIPAS has been in orbit and has remained well 

within the required limits. However, the only factor to compromise the NESR is due 

to accumulation of ice on the detectors tha t can temporarily degrade the NESR by 

up to 20 % with respect to an ice free detector. Typically, the NESR ranges between 

50 nW /[cm “ 2 sr cm-1] and 3 nW /[cm ~ 2 sr cm-1] across bands A to D and remains 

well within the requirements.

3.4 MIPAS data

The detector signals undergo some on board processing, such as digitisation, numer

ical filtering and decimation, and compressed into source packets tha t are received
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Figure 3.5: MIPAS NESR on ground and in-flight performance. Source: Kleinert 
et al. [2007]

MIPAS
band

NESR 
(nW /cm - 2  

sr cm-1)
A 50
AB 40
B 2 0

C 6

D 4.2

Table 3.3: NESR requirements for MIPAS spectral bands

by the ground stations in Kiruna (Sweden) and Esrin (Italy) as the MIPAS Level 

0 data set. Data packets are then extracted and sorted into time sequenced atmo

spheric measurement interferograms and calibration measurement interferograms by 

the Level 1 A (L1 A) data processing. The data processing flowchart is shown in Figure 

3.6. A description of the data processing is given in the following sections.

The two operational data products from the MIPAS instrument are:

1 . Level IB data that are geo-located, spectrally and radiometrically calibrated 

radiance spectra for each tangent height measurement in consecutive elevation 

scans. These spectra are an intensity measurement as a function wavenumber 

and the units are nW/[cm2 sr cm-1].

2. Level 2 data that are vertical profiles of temperature (T), pressure (P) and six 

target species: water vapour (H2O), ozone (O3), methane (CH4), nitric acid 

(HNO3), nitrogen dioxide (NO2 ), and nitrous oxide (N2 0).

— Requirement 
— On-Ground (231K) 
- I n - F l ig h t  0285 (223K)
—  In-Flight 5202 (219K)
—  In-Flight 8609 (222K) 

In-Flight 10068 (222K)
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Figure 3.6: Block diagram of MIPAS data processing. Source: ESA [2007]

3.4.1 M IPAS Level IB  data

The primary requirement of the Level IB (LIB) data processing are to radiometri- 

cally, spectrally calibrate and geo-locate MIPAS atmospheric measurements [Kleinert 

et al., 2007]. The processing begins with the LI A output where interferograms are 

appropriately grouped into atmosphere, deep space and calibration blackbody mea

surements. All measurements have a unique time-stamp for measurement identifi

cation. LIB processing requires auxiliary files that contain information about the 

instrument status, timing and position of the measurements. These files also contain 

calibration and characterisation data that are used in each calibration step in the 

LIB processing. Specific functions are applied to the data in the following order: an 

offset calibration function is applied to produce a group of calibrated offsets followed 

by a gain calibration function that outputs the radiometric gain calculated from the 

blackbody and deep space interferograms. The gain measurement is approved once 

per week before it is used in the LIB processing. The scene calibration function is 

then applied that computes the tangent height, latitude and longitude of the mea

surement, along with the NESR. Functions that detect and correct any fringe count 

errors, co-add the interferograms to increase the signal to noise ratio and correct for 

detector non-linearity are applied before each of the above calibrations are performed. 

A spectral calibration factor is applied every four elevation scans using the positions
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of the reference lines in Table 3.2. An ILS retrieval is also performed, once per orbit, 

tha t is iteratively fitted to the data once it is convolved with a theoretical ILS. The 

geo-located, spectrally and radiometrically calibrated spectra, calibration data and 

auxiliary data, corresponding to 75 elevation scans per orbit, are output into single 

LIB orbit files.

3.4 .2  M IPA S L evel 2 d ata

The limb radiances produced by the LIB data are the input to the Level 2 (L2) 

processor tha t uses a retrieval code to infer pressure, tem perature and concentration 

profiles of the Level 2 products.

The operational L2 retrieval code is based on the Optimised Retrieval Module 

(ORM), designed by an international consortium led by ESA for the Near Real-Time 

(NRT) processing of retrieved L2 products within three hours of the measurement 

[Ridolfi et al., 2000; Raspollini et al., 2006]. The code is required to process a large 

amount of data  and to retrieve atmospheric states from the atmospheric spectral 

radiance measurements made at each tangent altitude. For re-analysis of MIPAS 

data, an extended version of the NRT code is used for offline (OL) processing using 

a relaxed processing time of six hours for each profile retrieval. The L2 processor is 

based on a non-linear least squares fitting of a parameterised forward model to the 

measured MIPAS spectra. D ata were nominally processed in the NRT mode from 

July 2002 until March 2004 when the MIPAS instrument was switched off due to 

mechanical problems. The OL processing has been used to re-process all data  from 

July 2002 to March 2004.

3.5 The Level 2  Retrieval

The L2 processor retrieves its target species based on the principles of a non-linear 

least squares global fit of a theoretical model to the observations. A theoretical 

model F(p,x) simulates each limb radiance observation, y, using a set of known 

instrumental, geophysical and spectral parameters p to retrieve the unknown quantity 

x. The “best” solution is obtained using a Gauss-Newton iterative method modified 

by the Levenberg-Marquardt criterion tha t evaluates a cost function or \ 2 after each 

iteration. A solution is obtained by minimisation of the x 2 value within pre-defined
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convergence bounds [Raspollini et al., 2006]. The retrieval theory predominately 

follows th a t which was described in chapter two and the main features of the L2 

retrieval, including the forward model, the assumptions, and optimisations made in 

the processor are described below.

3.5 .1  G eneral R etrieval Features

A number of key optimisations were made in the L2 retrieval code to allow compu

tational and temporal efficiency. The three most significant optimisations are: a) the 

use of “microwindows” , b) global fitting and c) a sequential retrieval.

3.5.1.1 Microwindows

“Microwindows” are narrow spectral regions, typically up to three wavenumbers 

width, tha t contain the “best” information about each MIPAS target gas. Each 

microwindow is pre-selected by computing the combination of a high target gas infor

mation content and a low total error propagation, i.e. the minimisation of the sum 

of all systematic and random errors [Dudhia et al. 2002a].

The to tal error is given by Equation 5.7:

Where Sx is the random measurement error and each SJ. element corresponds to an 

independent forward model error (discussed later).

Microwindows are two dimensional arrays tha t are set in altitude and wavenumber 

domains in which the propagation of each error through the microwindow is evaluated. 

For each error, and error spectrum is calculated by differencing the modelled radiance 

expected with the nominal values for the error param eter with radiances derived from 

the parameters when they are perturbed by la . The error spectrum for each error 

source is 5yi is related to the variance covariance m atrix of the forward model by 

Equation 3.2.

The final microwindows are chosen when the information content cannot increase 

further or when the maximum 3 wavenumber width is reached. The microwindows

S l° tal =  Sx +  EiSi (3 .1)

Sj, =  (Syi) ( 6y i)T (3.2)
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Microwindow la
bel

Spectral Range cm 1 Altitude Range 
(km)

H20  Retrieval
H20-002 807.85 - 808.45 1 2 . 0  to 18.0
H2O.022 946.65 - 947.70 6 . 0  - 18.0
H20.007 1645.525 - 1646.20 27.0 - 60.0
H20.001 1650.025 - 1653.025 15.0 - 68.0

O3 Retrieval
03.021 763.375 - 766.375 6 . 0  -6 8 . 0

03.013 1039.375 - 1040.325 52.0 - 68.0
03.001 1122.800 - 1125.8 6 . 0  - 6 8 . 0

Table 3.4: Nominal microwindows used by the MIPAS L2 retrieval

are additionally used to retrieve the atmospheric continuum or background emission 

signal for each tangent height measurement. This allows the retrieval of each target 

species to be based on the amplitude of the line structure rather than the absolute 

magnitude of the line. However, this joint continuum retrieval approach can make re

trievals of heavier molecules such as N2 O5 difficult. During the L2 retrieval procedure, 

the L2 processor uses a pre-selected set of microwindows optimised for maximum ta r

get gas information and minimum CPU cost. The microwindows used for the H2 O 

and O3 retrieval are shown in table 3.4.

3.5.1.2 Global F itting

The L2 retrieval uses a global-fitting technique [Carlotti, 1988] tha t requires tha t 

all altitudes in the profile, i.e. a complete elevation scan is fitted simultaneously. 

Using the Levenberg-Marquardt method described in Chapter 2, the vector residual 

term  (Equation 3.3) is the difference of the observations and the simulations from all 

altitudes in the MIPAS elevation scan measurement.

R  =  y - F ( p , x )  (3.3)

Carlotti [1988] compared two O3 concentration profiles retrieved using a non

linear least square fitting retrieval technique incorporating either global fitting or an 

onion peeling method. It was found tha t the estimated standard deviation (ESD) 

of the profile retrieved using global fitting was significantly smaller throughout the 

profile, than the onion peeling method. This profile also exhibited a strong correlation
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between consecutive retrieval altitudes and a more consistent profile in comparison 

to the profile retrieved separately. In the onion peeling approach, any retrieval error 

encountered a t higher altitudes can propagate into lower layer retrievals meaning 

increased uncertainty at the UTLS region. Global fitting takes into account the 

interdependence of concentrations at subsequent layers from which the correlation 

between consecutive altitudes can be evaluated.

3.5.1.3 Sequential retrieval

The adopted strategy performs a sequential retrieval of the L2 species as follows: 

pressure and tem perature are retrieved simultaneously, in the “pT” retrieval using 

the hydrostatic assumption relating pressure, tem perature and geometric altitude. 

This is followed by a sequential retrieval of H2 0 , O3 , CH4, HNO3 , N 0 2, and N20  

and lastly a retrieval of continuum-like emission effects and the zero-level offset. Any 

uncertainty in the pT retrieval will propagate into the corresponding VMR retrieval 

and are characterised by a pT variance covariance m atrix (VCM). This pT error is 

microwindow dependent therefore must be calculated for each microwindow selection. 

The pT error displays a latitude and seasonal dependence tha t can be accounted for 

using pre-defined values [Raspollini and Ridolfi, 2000]. Currently, the pT error is 

accounted for in the systematic error estimates tha t are explained later in this chapter. 

A sequential approach is adopted as the computer memory required for simultaneous 

processing of large matrices (proportional in size to the product of the number of 

unknown parameters and the number of observations) is too large.

3.5.1.4 Level 2 Retrieval Procedure

The retrieval begins with a Level 2 pre-processor tha t assesses the quality of a chosen 

LIB elevation scan using a quality indicator or PCD flag. Any corrupt LIB data 

are flagged as “false” and not used in any part of the L2 retrieval. A cloud detection 

algorithm, incorporated into the operational retrieval since July 2003 [Raspollini et al., 

2006] is used to identify cloud-corrupted LIB data. The cloud detection methodology 

will be discussed in detail in chapter four, however, at this point it can be noted 

th a t this algorithm simply distinguishes between cloudy and non-cloudy measurement 

scenes using a cloud indicator defined for MIPAS bands A, B and D. If the LIB is 

flagged as cloudy, it is removed from the analysis and the profile retrieval begins from

78



the tangent height above the cloud-corrupted measurement.

3.5 .2  T h e O p tim ised  Forward M od el

The good-quality, cloud-flagged spectra are simulated by a stand-alone code called the 

Optimised Forward Model (OFM) incorporated within the ORM. Firstly, for the ta r

get parameter being retrieved, spectra corresponding to the “best” microwindows are 

selected and linearly interpolated onto a fine (0.0005 cm-1) spectral grid, irregularly 

sampled. A fine grid is required to resolve the range of lines and features observed in 

emission spectra through the atmosphere vertical range measured. A set of discrete 

layers are defined for all spectra taking into account the refractive index along the ray 

paths. Once the retrieval is set up in the spectral and altitude domains, absorption 

cross sections of the relevant absorbers for each microwindow are calculated using sin

gular value decomposition (SVD) look-up tables (LUT) [Dudhia et al. 2002b]. These 

tables consist of pre-calculated absorption coefficients of all absorbers contributing 

to each microwindow at a range of pressures and temperatures. Comparisons of the 

LUT and line by line method by Dudhia et al. [2002b] show tha t differences between 

the two methods is less than the NESR level for each microwindow. Using LUTs gives 

the advantage of increasing temporal and computational memory efficiency making 

this highly desirable for an optimised operational retrieval code such as tha t used for 

MIPAS operational analysis.

3 .5 .3  C onvolution  o f  sp ectra

As the real MIPAS spectra are obtained with a finite spectral resolution and a finite 

FOV, the simulated spectra must be convolved with appropriate functions to resemble 

the way in which MIPAS observes continuous atmospheric spectra. This constitutes 

the convolution of the ILS that is acquired from the LIB processor with the L2 

apodisation function.

Secondly, each altitude-dependent spectrum is convolved with an IFOV that de

scribes the MIPAS finite IFOV “shape” . For MIPAS, this function is a pre-tabulated 

pattern  distribution tha t resembles a four-point trapezium shape [ESA, 2007]. The 

mid-point of the MIPAS FOV is the point at which the tangent altitude measurement 

is obtained.
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3 .5 .4  C onvergence criterion

The L2 retrieval process requires the minimisation of a \ 2 value (Equation 3.4) that 

is evaluated against some convergence criteria after each iteration.

X2 = nJterSnln iter (3.4)

niter is the vector “residuals” at the iteration “iter” and Sn is the variance covariance 

matrix. The retrieval process stops when the convergence criteria is fulfilled. The 

convergence criteria are based on three conditions:

1 . The maximum relative difference of the x 2 value from the previous iteration to 

the current \ 2 value must be below some threshold T l. Raspollini et al. [2006] 

state typical T l  values of less than 0.02 for OL processing.

2. The maximum relative difference of the fitted parameters between two consecu

tive iterations must be below some threshold T2. In OL processing T2 is found 

to be less than 0.2 [Raspollini et al., 2006].

3. The maximum number of allowed iterations is 8 . Typically, convergence is 

reached with 3 to 6  iterations.

3 .5 .5  R etrieval R equirem ents

For the OFM to realistically model the real atmosphere, it requires accurate estimates 

of global geophysical parameters, spectral line and absorption cross-section informa

tion on all or most atmospheric constituents tha t contribute the signal observed by 

the MIPAS.

3.5.5.1 Spectroscopic database

The L2 processor utilises a spectroscopic database containing spectral line informa

tion and infrared cross section measurements of up to 37 atmospheric constituents, 

constructed originally from the High-Resolution Transmission molecular absorption 

database or HITRAN (www.hitran.com). The MIPAS dedicated database, mipas_pf3.1, 

was built starting from HITRAN 1996, and contains updated and improved spectral 

data  of six molecules including O3 with the most significant improvement to the
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HNO3 molecule. This database replaces the original mipas_pf2 . 0  and has been used 

operationally since July 2003 for the NRT and OL processing (re-processing).

3.5.5.2 Reference atm osphere database

The reference atmosphere database [Remedios et al., 2007], as explained in chapter 

two, has two components tha t are the standard and the initial guess (IG2) profiles. 

The L2 processor utilises the IG2 profiles as an initial guess of the species to be 

retrieved and also as representative profiles of interfering species. The IG2 profiles 

are mostly based on satellite data from instruments onboard the UARS satellite and 

some CTM model data primarily from the MOZART and SLIMCAT models. The 

IG2 database covers seasonal variability with trace gas profiles for January, April, 

July and October atmospheric conditions representing the four seasons. Each set of 

seasonal profiles vary latitudinally over six bands tha t are 0 - 20°, 20 - 65° and 65 - 90° 

for both hemispheres. For the initial guess of each target species, a weighted mean 

profile tha t is comprised of a) the IG2 profile of the target species, b) an ECMWF 

profile, and c) the previous retrieved profile from the previous iteration. In addition 

to the IG2 profiles, the standard profiles are used for error analysis and generation of 

the best microwindows for each target species.

3 .5 .6  R etrieval A ssu m p tion s

As modelling of all atmospheric effects is computationally expensive and time con

suming, the L2 retrieval assumes th a t the atmosphere is horizontally homogenous and 

in local thermodynamic equilibrium.

3.5.6.1 Horizontal hom ogeneity

Although the long horizontal path length attained in the limb geometry allows good 

sensitivity to many trace gases with weak spectral signatures, the measurement signal 

can be thought of as an average of the atmosphere over this path length. The L2 

processor assumes tha t the atmosphere measured over these long path lengths are 

horizontally homogeneous. Real horizontal structures tha t are not represented in the 

forward model, can potentially introduce an error as the real atmosphere does not 

display such homogeneity. For this reason, associated errors are estimated in the final
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MIPAS error budget and are discussed in the next section.

3.5.6.2 Non-local therm odynam ic equilibrium

Modelling and representing all non-LTE processes requires extensive coding and com

putational power th a t is not suitable for the operational L2 retrieval requirements. 

Such processes are considered to be weak in the stratosphere, where MIPAS mea

surements are mostly concentrated and therefore, the atmosphere is assumed to be in 

Local Thermodynamic Equilibrium (LTE) by the MIPAS forward model. By testing 

the response of the retrieval to perturbed synthetic non-LTE and LTE spectra, the 

errors due to the exclusion of non-LTE effects are considered in the total error budget 

of the retrieved profiles. For the retrieval of target species, the best microwindows 

are selected where emission is in the thermodynamic equilibrium.

3.6 Characterisation of MIPAS Level 2  profiles

MIPAS averaging kernels are not produced for each retrieved MIPAS profile and 

standard averaging kernels can be obtained for tem perature and each retrieved species 

[Ceccherini, 2004]. For NRT and OL products, averaging kernels have been calculated 

using a perturbation method in which the state vector is perturbed by some small 

amount and the delta-function response due to this perturbation at each element of 

the state  can be calculated as the change in the retrieval th a t arises from this small 

perturbation. For the calculation of MIPAS H20  and O3 averaging kernels, H20  was 

perturbed by 1 ppmv and O3 (and the remaining trace species) is perturbed by 5 % 

of the maximum VMR.

3.7 MIPAS Level 2  errors

The MIPAS L2 profiles are affected by a combination of radiometric noise and dis

crepancies in representing the instrument and the atmosphere in the forward model. 

The measurement error equates to the random error component and is due to the 

mapping of the random radiometric noise onto the retrieved profiles (or the vari

ance covariance matrix, VCM). This is calculated taking the noise estimate or the 

NESR tha t is reported in the LIB files. The systematic errors take into account
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Figure 3.7: Averaging kernels for MIPAS H20  and O3 calculated for April at 10°S, 
between the altitudes of 1 2  and 6 8  km.

discrepancies in the forward model input, uncertainties in the instrument param

eters and the forward model assumptions. These factors are all taken into ac

count in the total error budget provided by the Atmospheric, Oceanic and Plan

etary Physics (AOPP) MIPAS group at Oxford University and can be found at 

h t tp : / / / www.atm.ox.ac.uk/group/m ipas/err/. Error sources are briefly described be

low.

3.7.0.3 C alib ra tio n  e rro rs

Incorrect scaling of spectra in the spectral calibration, and inaccurate characterisation 

of the radiometric gain and the apodised instrument line shape (AILS) width, can 

have a direct affect on the retrieved profiles. If spectra are incorrectly scaled in the 

altitude and frequency domains, these will project onto the relative radiances and
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further into the retrieved profiles. Similarly, spectra assigned with a large error in the 

LIB processing, can affect the L2 retrieval and corresponding x 2 values. Raspollini 

et al. [2006] report th a t the radiometric accuracy is well within the requirements 

and th a t the spectral calibration is a relatively small component of the overall error 

budget.

3.7.0.4 Forward m odel errors

The radiances simulated by the OFM depend on the accuracy of the input parameters 

such as characterisation of the interfering absorbers in the selected microwindows, the 

shape of the target species outside the retrieval range, errors in the pT propagation 

and in spectroscopic line and cross section information. Interfering species error 

estimates are from the 1-cr values reported in the IG2 climatology. This error also 

constitutes the error on assumption of the profile shape outside the retrieval range. 

The propagation of the pT error into the retrieved profiles is affected by pointing 

biases as uncertainty in the MIPAS pointing means the retrieved tangent pressures 

will also possess an error. Finally, the errors associated with the forward model 

assumptions of horizontal homogeneity and LTE are included in the final error budget 

for MIPAS L2  data. Table 3.5 lists the error value assumed for each error source in 

MIPAS L2 retrievals.

3.7 .1  Level 2 H 20  and O3 errors in th e  trop ica l U TL S

For the tropical UTLS region, the total error estim ated from the Oxford University 

clear sky errors are: for H2 O at 12 km, 15 %; H20  at 15 km, 47.9 % and at 18 km, 

39.8 %. For O3 at 12 km, the to tal error is 53.4%; at 15 km, 69.6 %; and at 18 

km, 46.3%. The largest contributors to the to tal error is due to the assumption of 

horizonal homogeneity, followed closely by radiometric uncertainty and spectroscopic 

database errors. The to tal and individual error components affecting H20  and O3 

retrievals are given in the table below.

Figure 3.8(a) shows the contribution of each systematic error source affecting 

retrieved L2 H20  profiles in the tropics. In the tropical UTLS, the random errors 

are largest a t 15 km and 18 km (approximately 25 %). Systematic errors vary from 

13.5 % to 40 % from 12 km to 21 km and are dominated by uncertainties caused
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Name Description 1 sigma
NONLTE Error from the assumption tha t 

atmosphere is in LTE in OFM
Modelled value

SPECDB Errors in line strength, shape 
and position in the spectroscopic 
database

assumed 1 sigma accuracy

GAIN Error in Radiometric gain ± 2 %
SPREAD Error in width of the AILS ± 2 %
SHIFT Uncertainty in spectral calibra

tion
± 0 .0 0 1 cm- l

C02M IX Error from neglecting C 02 line 
mixing in forward model

Modelled

CTM ERR Uncertainty in gaseous continua ±25%
GRA Error from assumption of hori

zontal gradient effects
±1K /I00km

HIALT Uncertainty in high altitude col
umn

Calculated during retrieval

PT Propagation of P T  error in VMR 
retrievals

pT VCM

SPECIES Uncertainty in interfering species Climatological 1 a

Table 3.5: List of systematic error sources for MIPAS L2  retrievals

by assuming horizontal homogeneity and LTE, and in the spectral and radiometric 

calibration.

Figure 3.8(b) displays the to tal error budget for tropical retrieved L2 MIPAS O3 

profiles. Random errors are as large as 57 % at 15 km and the most dominant source 

of systematic errors are from assuming a horizontal homogeneous atmosphere, and 

from errors in the spectroscopic database and AILS retrieval.

The total error budget for MIPAS L2 H20  and 0 3 shows tha t the errors in the 

tropical UTLS are strongly dominated by forward model deficiencies followed by 

spectroscopic database and calibration uncertainties.

3.7 .2  T he new  “R ed u ced  R eso lu tio n ” m ode

In March 2004, due increasing data  anomalies caused by problems with the motion 

of the retroreflectors in the interferometer, the MIPAS instrument was switched off. 

Following on-ground investigations a measurement set up called the “reduced reso

lution” (RR) mode was proposed. From January 2005 onwards, the RR mode has 

performed atmospheric measurements with a duty cycle of 40 % tha t corresponds to
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Figure 3.8: Systematic and random error profiles for equatorial offline MIPAS H20  
and O3 profiles. The total error is shown by the black line in each figure.

a spectral resolution of 0.0625 cm- 1  produced by a maximum optical path difference 

of 8.2 cm, and a vertical sampling of 1.5 km in the UTLS. A single interferometer 

sweep takes 1.64 seconds and this reduced measurement time allows more full eleva

tion scans to be obtained. The profiles are now oversampled with a 1.5 km resolution 

in the UTLS, within the 3 km IFOV. The RR mode operates initially in short periods 

and “on request” during in situ or ground based measurement campaigns. The RR 

data-sets are currently in the validation stage.
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3.8 Studying the tropical UTLS with the MIPAS 

instrument

The MIPAS instrum ent measures the UTLS region with a 3 km vertical resolution in 

the UTLS region spanning from a tangent altitude of 6  km to the lower stratosphere 

at 21 km and beyond. This vertical resolution allows characterisation of H2 O, O3 and 

clouds in several layers within the UTLS. As the TTL region is at most 2 or 3 km 

thick, a finer vertical sampling of 1 - 1.5 km would be ideal. However, as this is not 

the case for the full resolution mode, MIPAS data from July 2002 to March 2004 can 

potentially provide information on the base of the TTL, one averaged layer within 

the TTL and perhaps the outflow/exchange from the top of the TTL.

In the period July 2002 to March 2004, HALOE, SAGE II, ACE-FTS and ODIN- 

SMR (approximate vertical resolution for these instrum ents are between 2 and 4 km), 

limb sounding instruments were also in operation, and measured H20  and O3 in the 

tropical UTLS. The measurement geometry of MIPAS gives it the advantage of being 

able to make thousands of measurements, near-globally, compared to SAGE II, ACE- 

FTS and HALOE tha t typically obtain 30 profiles per day. The ODIN-SMR satellite 

carries onboard instruments for astronomy and atmospheric measurements meaning 

th a t the measurement time is divided between the two disciplines. This means it 

measures less profiles in comparison to the MIPAS instrument.

Although the ENVISAT orbit allows MIPAS to make measurements over the 

whole globe, this does not necessarily mean tha t there is a retrieved vmr profile 

at every point observed. Due to the high presence of clouds in the tropical UTLS, all 

infrared remote-sensing instrument tha t encounter clouds in the instruments FOV, 

will suffer contaminated data-points and this limits the global coverage advantage 

of these techniques. The next chapter discusses the cloud detection methodology 

and presents an investigation of how clouds can affect retrieved profiles and how the 

cloud detection methodology can be improved to optimise the quality and quantity 

of tropical MIPAS H20  and 0 3.
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3.9 Summary

In this chapter, the operation and measurement principles of the MIPAS instrum ent 

were described with details on how the instrument profiles the UTLS region. A 

description of the measurement geometry of the instrum ent as well as the core com

ponents of the MIPAS instrument, including the interferometer and the detectors 

were given.

The process of converting the raw atmospheric interferograms into emission spec

tra  and furthermore into concentration profiles was detailed in section 3.5 describing 

how MIPAS measurements are processed into MIPAS geophysical data.

The data  th a t are used in this thesis are from full spectral resolution nominal 

MIPAS measurements retrieved by the operational L2 processor tha t provides con

centration profiles of H2 O and O3 . The following chapters will describe two investi

gations th a t examine the effect of UTLS cloud on this d a ta  and furthermore how this 

da ta  compares to pre-existing independent UTLS measurements.



C hapter 4

Investigating  cloud contam ination  

in Level 2 M IPA S data

Tropical UTLS measurements from limb sounding instruments, such as MIPAS, will 

suffer some contamination by cloud. This in turn  can affect the performance of 

satellite retrieval algorithms and furthermore the accuracy of the products th a t they 

produce. If an optically thick cloud is in the MIPAS FOV any atmospheric con

stituents information will be masked by the grey body emission of the cloud. Thus 

satellite measurements of tropical UTLS trace gases can be difficult to interpret with

out the ability to deduce how the effect of cloud has propagated into the retrieved 

concentrations. Clearly, it is imperative to distinguish between cloudy and non-cloudy 

radiances, to reduce the uncertainty of retrieved tropical H20  and O3 concentrations.

To overcome such limitations, a cloud detection methodology is an im portant 

component of a satellite retrieval algorithm. From a retrieval perspective, a cloud 

detection method should be able to successfully distinguish between a clear-sky a t

mospheric radiance tha t contains only the contributions from a target gas and addi

tional trace gas absorbers, and a radiance measurement th a t has been produced by 

additional particles belonging to cloud or aerosols hence resulting in a decrease of the 

trace gas information.

Usually any unexplained behaviour or anomalies in retrieved concentrations from 

satellite da ta  near the tropical tropopause tend to be a ttributed  to undetected cloud 

corruption. However, so far, no specific study of the anomalies due to cloud corruption 

on operationally processed MIPAS data  has been performed in detail, meaning tha t
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any other potential anomalies (such as retrieval algorithm or instrument affects tha t 

are unaccounted for) may be mistaken for cloud contamination. In this chapter, the 

direct effect of clouds on the retrieved MIPAS H20  and 0 3 da ta  are examined.

4.1 Cloud signatures in MIPAS LIB spectra

Figures 4.1(a) to 4.1(e) show three tropical 12 km radiance measurements observed by 

the MIPAS instrum ent on the 30th July 2003 in orbit 07386. The figures correspond 

to MIPAS detection bands A, AB, B, C and D respectively. The spectra shown for 

each band correspond to a clear sky measurement, a thin cloud in the MIPAS LOS 

and an optically thick cloud in the MIPAS LOS.

The two most significant features observed in the optically thick cloudy conditions 

(blue spectra) is a distinct broadband offset and the loss of trace gas spectral features. 

The radiance offset is more than doubled in band A and similar offsets of at least two 

to three times larger than clear sky values are seen in bands AB, B and D. Significant 

spectral offsets are also produced when a thin cloud enters the MIPAS LOS as shown 

by the red spectra although the spectra appear to retain the absorber line shapes. 

This does not necessarily mean th a t all trace gas information is comprehensible. 

The most noteworthy changes between cloudy and clear-sky spectra occur in the 

regions of 685 cm - 1  to 750 cm - 1  in band A, 1060 cm - 1  to 1170 cm - 1  in band AB, 

1215 cm - 1  to 1251 cm - 1  in band B and 1820 cm - 1  to 2050 cm - 1  in band D. In 

band C, no distinctive offsets are observed because of trace gas line opacity. Clearly, 

increased cloud presence, or cloud optical thickness, has a predominant effect on the 

atmospheric window region between 800 cm - 1  and 970 cm - 1  in band A.

It is postulated th a t there is potential to retrieve trace gas profiles from spectra 

th a t are only affected weakly by thin cloud [Spang and Remedios, 2003]. This is

sue, particularly how weak an offset from a thin cloud can be tolerated and what 

the accuracy of profiles retrieved in the presence of thin cloud is addressed in this 

investigation. It is evident from the spectra shown in Figures 4.1(a) to 4.1(e) th a t for 

optically thick clouds, trace gas spectral features are not discernable and concentra

tion profile retrievals are not possible. Although this is a limitation in obtaining trace 

gas information in the tropical UTLS, cloudy spectra are enriched with cloud micro

physical information meaning tha t cloud retrievals from MIPAS are also possible.
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Figure 4.1: MIPAS LIB spectra under varying cloud influence for (a) MIPAS band A; 
(b) MIPAS band AB ; (c) MIPAS band B; (d) MIPAS band C and (d) MIPAS band 
D. Black spectra correspond to non-cloudy conditions, red spectra to optically thin 
cloud conditions and blue spectra to optically thick cloud conditions in the MIPAS 
FOV.
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This potential will be discussed later in this chapter.

4.1.1 M IPAS cloud detection

For the detection of clouds in the MIPAS LIB thermal emission spectra, a cloud 

detection methodology that identifies cloud contaminated MIPAS sweeps is incorpo

rated into the operational L2 processor. It utilises a spectral ratio technique that is 

commonly used for the detection of clouds in infrared remote sensing instruments. 

This method calculates the ratio or difference of two spectral regions between a con

trol region and a region that is dominated by aerosol and cloud emissions. The cloud 

detection methodology used in the operational MIPAS processor is based on the con

cept designed originally for the CRISTA mission by Spang et al. [2002]. Here we use 

a similar index in MIPAS band A, hereafter called CI-A, as Spang et al. [2002], that 

is the most commonly used cloud index, defined by integrating the radiances in the 

MIPAS spectral regions of 788 - 796 cm - 1  (Microwindow or MW 1) and 832 cm - 1  - 

834 cm- 1  (microwindow or MW 2). MW1 exhibits weak O3 emissions and is mostly 

dominated by CO2 . MW2 however, is more sensitive to aerosol and cloud emissions 

and weak 0 3 and CFC-11 emissions. These two regions are highlighted in Figure 4.2. 

[Spang et al., 2004] extended the cloud detection methodology for the operational 

processor to include a cloud indicator in MIPAS bands B and D for which additional 

cloud index thresholds were defined. The spectral range and thresholds for bands B 

and D are shown in Table 4.1.

CI=<MW1>/<MW2>

thick cloud 0 1 . 3

thin cloud 0 2 .1  

cloud free 0 6 .5

absorption lines

spectral offset

780 790 800 810 820 830  840 850
wovenumber [cm-1]

Figure 4.2: MIPAS cloud detection microwindows. Source: Greenhough et al., [2005]

Typical values for CI-A [Spang et al., 2004] are found to be close to unity when
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Cloud
Index
MIPAS
Band

MW1 (cm "1) MW2 (c m '1) Cl thresh
old

Altitude range 
[km]

CI-A 788.20 - 796.25 832.3 - 834.4 1 . 8 12 - 40
CI-B 1246.3 - 1249.1 1232.3 - 1234.4 1 . 2 12 - 40
CI-D 1929.0 - 1935.0 1973.0 - 1983.0 1 . 8 12 - 30

Table 4.1: Cloud index thresholds used in MIPAS bands A,B and D

an optically thick cloud is present and CI-A is large (CI-A > 4.0) for a clear sky 

line of sight (in non polar regions). The values between 2.0 and 4.0 were found to 

correspond to the transition from optically thick to optically thin cloud presence or 

when a cloud only partially fills the MIPAS FOV.

For operational processing of MIPAS data, the nominal cloud detection scheme 

uses CI-A values to identify cloud contam inated sweeps. However, if band A is not 

available then the detection algorithm uses a sequence th a t utilises bands B and 

D depending on the availability of the spectra in these bands. In the operational 

processing of MIPAS data, a “cloud threshold” of CI-A =  1.8 is used in operational 

cloud detection where any value <  1.8 is deemed cloudy and removed from the LIB 

dataset before it enters L2 processing.

4 .1 .2  L im itations o f th e  cloud d etec tio n  m eth o d o lo g y

One of the most im portant limits on the utility of the cloud index is the effect of 

extreme upper tropospheric H20  concentrations on the cloud index. This was tested, 

for CI-A using simulations of extreme H20  in tropical and m id-latitude atmospheres 

using the Leicester Reference Atmosphere database by [Greenhough et al., 2005]. A 

key result in their investigations was th a t below 8  km, high H20  concentrations could 

produce enhanced radiances tha t resulted in CI-A values < 1 . 8  meaning tha t below 

8  km, the difference between cloud and high H20  cannot be distinguished. Above 

8  km however, the CI-A index can be attributed to enhancements due to cloud and 

aerosol presence. It was found th a t above 1 2  km, no H20  dependence on calculated 

CI-A values can be observed.
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4 .1 .3  M o d ellin g  clouds in lim b infrared sp ec tra

The cloud index detection system serves two purposes: as well providing a method in 

which cloud contam inated LIB radiances are removed from L2 analysis, the cloudy 

spectra contain a wealth of information about the cloud itself. The cloud radiances 

contain information about the ice water content, ice particle sizes and distribution 

as well as cloud top tem perature and height. Such information can potentially be 

retrieved from MIPAS data, however, such retrievals depend on accurate and detailed 

modelling cloud microphysical and optical properties.

Opaque clouds in the MIPAS line-of-sight do not only generate tremendous radi

ance offsets but some limb radiances also show evidence of scattering of radiation from 

below clouds in the form of H2 O absorption features [Hopfner et al., 2002]. Scatter

ing of radiation occurs when the size of the scattering particle is larger than or equal 

to the detection wavelength. Absorption lines can also be produced in strong CO 2 

and O3 emission/absorption features if a warm cloud is observed through a colder 

overlaying layer.

Several cloud modelling studies have demonstrated the importance of including 

scattering processes in the simulations of MIPAS cloud radiances. Some radiative 

transfer models consider the single scattering properties of cloud particles such as 

the Karlsruhe Optimised and Precise Radiative Transfer Algorithm (KOPRA) th a t 

can model single scattering schemes in homogenous atmospheric layers. Alternatively 

models can consider scattering in multiple directions such as the Atmospheric Radia

tive Transfer Simulator (ARTS) model and the Rutherford Appleton Laboratory’s 

2-Dimensional Forward Model (FM2D) model. The Oxford RFM model is a zero 

scattering scheme.

Hopfner and Emde [2005] compared KOPRA and ARTS radiance output of sev

eral cloud scenarios including opaque, optically thin, and polar stratospheric clouds 

(PSCs) in a recent model inter-comparison study. It was found th a t in the modelling 

of optically thin clouds such as PSCs and subvisible clouds, single scattering schemes 

were sufficient to model these radiances better than zero scattering schemes th a t often 

had errors as large as 40 %. In some cloud cases, single scattering schemes were found 

to be sufficient and often there was little difference between the single and multiple 

scattering model outputs, although in some cases, single scattering schemes under

estim ated cloud radiances. Recently, some multiple scattering schemes have been
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developed especially to model MIPAS cloud affected radiances and have been shown 

to perform well in comparisons with real MIPAS cloud data. Two such schemes are 

the Oxford Monte Carlo scattering Forward Model (McClouds_FM) model ([Ewen 

et al., 2005]) and the Spherical Atmospheric Radiative Transfer code (SARTre) code 

([Mendrok et al., 2007]). Both models showed th a t features in MIPAS cloud spectra 

such as H2 O absorption lines and strong continuum offsets can be well reproduced by 

multiple scattering models. Ewen et al. [2005] found th a t single scattering schemes 

can potentially underestim ate a large percent of cloud radiance in agreement with 

Hopfner and Emde [2005], who found tha t clouds with large single scattering albedo 

were not modelled well by single scattering schemes and th a t inclusion of multiple 

scattering processes is more suitable. However, for thin clouds (4 > CI-A > 1.8), 

in which absorption is the dominant process and scattering is small, zero scattering 

schemes may be sufficient to model cloud spectra. This thesis proceeds under this 

assumption. Scattering considerations are tested in section 4.6.1.

4.2 Investigating cloud contamination in MIPAS 

L2  H2O and O3 profiles

It is clear tha t clouds add a significant complication in the interpretation of MIPAS 

H2 O and O3 retrievals. Both H2O and O 3 exhibit steep gradients in the tropical 

UTLS and vary greatly due to changes in local dynamical processes and from chemical 

influences from natural and anthropogenic sources in the tropics. Thus it is difficult 

to distinguish whether the variability in their concentrations are features produced 

naturally in the atmosphere or from undetected cloud influence. The actuality is th a t 

methods of interpreting cloud effects on MIPAS retrievals of concentration profiles 

have not yet been deduced. Instinctively, one would expect th a t increased radiance 

produced by cloudy spectra would result in increased concentrations of H2 O and O3 

particulary for H2 O because of the enhanced continuum line effects of the cloud. 

However, observations of the real MIPAS data  do not only show anomalously high 

concentrations. Figures 4.3 and 4.4 show a subset of L2 version 4.61 and 4.62 quality- 

flagged and operationally cloud-flagged H2 O and O 3 da ta  at 100 mb (approximately 

16 km). D ata are gridded into 5° by 5° grid boxes. The figures show significant pixel 

to pixel variability and with H20  concentrations as high as 10 ppmv and as low as
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0.5 ppmv over tropical latitudes, and variations in O3 concentrations near India of 
greater than 1.25 ppmv.

Although a CI-A threshold of 1 .8  is used for MIPAS cloud detection, there is no 

evidence to prove that clouds with higher indices do not affect the retrieved H20  

and O3 concentrations. During this thesis work, Glatthor et al. [2006] investigated 

cloud effects in MIPAS ozone profiles retrieved from the IMK MIPAS processor and 

concluded that for their retrieval a cloud index higher than 4.0 is necessary to remove 

the effects of contaminating clouds in MIPAS O3 profiles. So far, studies have noted 

effects on retrievals at the cloud altitude but not at the altitude above.

MIPAS LEVEL 2 H20 a t  100.000 mb : MONTH 06 YEAR 2003 
MAX: 12.6128ppm v MIN: 0.362543ppm v Cl<1.80000 
MAX PRES: 114.671m b MIN PRES: 72.8581m b

— — — I
0 .5 0  2 .88  5 .25  7 .62  10.00

H20 [ppmv]

Figure 4.3: MIPAS H20  for June 2003. Data corresponding to tropics/subtropics are 
shown between 50°N and 50°S only

In this chapter, the direct impact of cloud on MIPAS L2 retrievals of H20  and 0 3 

are investigated with focus on the tropics between 30° N and 30° S and on the MIPAS 

tangent heights that correspond to 1 2  km, 15 km and 18 km to characterise the UTLS 

region. In this investigation, cloud indices that cover the full transition from cloudy 

to non-cloudy conditions, and the altitude dependence of clouds, on retrieved H20  

and O3 concentrations, are analysed.
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MIPAS LEVEL 2 0 3  o t 100.000 mb : MONTH 06 YEAR 2003  
MAX: 1.25056ppm v MIN: 0.00252346ppm v Cl< 1.80000 
MAX PRES: 1 U .6 7 1 m b  MIN PRES: 72.8581m b

Figure 4.4: MIPAS O3 for June 2003. Data corresponding to tropics/subtropics are 
shown between 50°N and 50° S only

4.2.1 O bjectives

The intention of these investigations is to distinguish whether clouds have a direct 

systematic effect on H2O and O3 retrievals and if/how they produce biases in the 

remaining profile above the cloud. Sensitivity studies such as this must be carried 

out in order to distinguish the errors due to cloud on retrievals of H20 and O3 in the 

tropical UTLS. In this study, the primary objectives are;

1 . To investigate thin cloud influence on the H20 and O3 retrieval

2. To analyse the cloud propagation effect at altitudes above the cloud

3. To assess the evidence for a new cloud threshold

4. To investigate how one can interpret cloud effects in the retrieval errors for trace 

gases

Recommendations for improved cloud detection for the tropics are made. The 

next section describes the general methodology that is used in the cloud analysis.

97



4 .2 .2  M eth o d o lo g y

To determine the error due to cloud in the retrieved MIPAS H20  and O3 profiles, 

knowledge of how a cloud modifies the retrieved concentrations from a typical clear- 

sky scenario is required. One way of isolating the effect purely due to cloud (or aerosol) 

would be to retrieve H20  and O 3  concentration profiles from clear-sky spectra and 

then to retrieve H20  and O 3  from the same spectra th a t now has a cloud added to 

the spectra. The difference between the retrieved profiles from both sets of spectra 

would represent the projection of the cloud from radiances into retrieved H20  and 

O 3  concentrations. Such an analysis can be achieved using a simulation approach in 

which H20  and O 3  profiles are retrieved from synthetic cloudy and clear-sky spectra 

th a t are treated as MIPAS observations by the L2  processor. Several factors must be 

taken into account for this kind of analysis to work. Firstly, the cloudy and clear-sky 

simulated spectra must be representative of the spectra th a t are measured by MIPAS 

in real situations. Secondly, the clear-sky and cloudy spectra must be calculated using 

the same input atmosphere files. Any form of variability other than tha t produced 

by the cloud will not allow the cloud error to be easily segregated.

In this investigation, a simulation approach is employed to relate the CI-A (that 

is derived from LIB radiance spectra) to the L2 retrieved concentrations of H20  and

O3 . This approach is chosen because: 1) No explicit validation of cloud effects in op

erational L2 MIPAS data  exists or could be performed for full resolution MIPAS data. 

Such a study would require hundreds of coincidences with validating instruments in 

order to distinguish a relationship between the CI-A and retrieved concentrations of 

H20  and O3 ; 2) Using real MIPAS retrieved concentrations and the CI-A cannot allow 

a distinction of cloud effects as the data  for both species are so variable in which case 

statistics for the deviations from climatological profiles would be difficult to interpret. 

Thus, the most suitable way of isolating the cloud error on the operational L2 H20  

and O3 profiles is to use a simulation approach.

The simulation approach th a t is used in this investigation is to produce synthetic 

cloudy and clear sky MIPAS H20  and O3 spectra and then to relate the differences in 

the retrieved profiles to the CI-A. In order to produce realistic MIPAS cloudy spectra, 

a particle extinction coefficient profile is retrieved from real MIPAS spectra and this 

retrieved extinction forms the basis for all of the cloudy synthetic spectra produced 

in this analysis. Each step in this investigation will be described below.
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4.2 .2 . 1  Step 1 . R epresentative scenarios for cloud

To select a well-qualified cloudy case for a cloud extinction retrieval and examine 

the variation of CI-A values, cloud index statistics are calculated from MIPAS cloud 

index files th a t have been generated at Leicester University. The frequency of cloud 

index occurrence is shown in tables 4.2 to 4.5. The frequencies are calculated for three 

month intervals for the altitudes of 12, 15 and 18 km between 30°N and 30°S. The 

CI-A data  are sorted into bins corresponding to: a) measurements with CI-A < 1 .8

b) Measurements with a CI-A between 1.8 and 6.0 and c) Measurements with CI-A 

> 6.0. These analysis are used to distinguish how often opaque clouds, thin clouds 

and clear sky scenarios are observed in MIPAS measurements.

A ltitude of (a) CI-A < (b) 1 . 8  >  CI- (c) CI-A > Number of
CI-A [km] 1 . 8  [%] A <  6.0 [%} 6 . 0  [%] points
1 2  km 19.26 38.71 42.02 20442
15 km 10.17 9.60 80.21 20521
18 km 1.77 7.55 90.71 20539

Table 4.2: Percentage of various CI-A values in December, January and February 
2002/2003

A ltitude of (a) CI-A < (b) 1 . 8  >  CI- (c) CI-A > Number of
CI-A [km] 1 . 8  [%] A < 6.0[%] 6 . 0  [%] points
1 2  km 26.91 58.51 14.56 17401
15 km 13.56 11.92 74.50 17628
18 km 4.26 6 . 8 8 88.85 17722

Table 4.3: Percentage of various CI-A values in March, April and May 2003

Altitude of (a) CI-A < (b) 1 . 8  >  CI- (c) CI-A > Number of
CI-A [km] 1 . 8  [%] A <  6.0[%] 6 . 0  [%] points
1 2  km 28.05 55.52 16.42 21018
15 km 16.38 21.15 62.46 21546
18 km 6.60 10.93 82.46 21726

Table 4.4: Percentage of various CI-A values in June, July and August 2003

In each table, the total number of points in the tropics are given alongside the 

CI-A percentages in the three chosen scenarios. Unfortunately, not all LIB (and 

L2 datafiles) were re-processed a t the time of this study therefore not all orbit files 

are available for all months. However, for the files th a t are available, some consistent
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Altitude of (a) CI-A < (b) 1.8 >  CI- (c) CI-A > Number of
CI-A [km] 1 . 8  [%] A <  6.0[%] 6 . 0  [%] points
1 2  km 16.65 34.84 48.49 24819
15 km 7.20 11.03 81.77 25170
18 km 0.14 1.87 97.98 25384

Table 4.5: Percentage of various CI-A values in September, October and November 
2003

behaviour throughout the year can be highlighted. The statistics show two distinctive 

patterns. The changes from 12 km to 18 km show th a t the greatest percentage of 

scenario (a) can be observed a t 1 2  km, and this percentage drops with increased 

altitude throughout the year. In terms of changes in percentages over the different 

scenarios, scenario (b) has the greatest frequency at 12 km. The percentages show tha t 

the 1 2  km measurements are most likely to be affected by clouds (with a 1 . 8  definition) 

as would be expected. At 18 km, thick opaque clouds occur very infrequently as 

shown by in situ  measurements, clouds at this altitude are likely to be optically thin 

cirrus clouds. Since these clouds can occur up to 10% of the time, it is im portant to 

quantify, if possible, the effects of these colder clouds on the retrieved H2 O and O3 

concentrations.

In this analysis, particular spectra are selected for the retrieval of a realistic esti

mate of cloud extinction. It is assumed tha t the cloud top is a t 12 km, representing 

an upper tropospheric cloud and 18 km to represent a high altitude cloud. For the 

retrieval of cloud particle extinction, only single cloud altitudes are used for the mod

elling and retrieval of cloud as modelling and representing clouds at more than one 

tangent layer can be complicated. By observing the effect of a single cloud layer only, 

better interpretation and understanding of the propagation of cloud effects through 

the retrieved profiles can be investigated.

All LIB spectra used in this analysis must meet certain requirements. Therefore 

only LIB spectra th a t have corresponding operationally retrieved quality-flagged H2 O 

and 0 3 profiles are used. The CI-A calculated from these spectra should possess a CI- 

A < 1.8 as this is how clouds are currently defined in the operational processor. The 

bottom  altitude of the retrieved particle extinction profiles (and the corresponding 

L2 profiles) is defined at the cloud altitude. To test the effect of a cloud at a single 

altitude only, the profiles with a clear-sky measurement immediately above the cloudy 

altitude is used. As the cloud index relies on the sensitivity of cloud MW2, the particle
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extinction is retrieved from this microwindow only. All retrievals are performed on 

apodised spectra and the particle extinction profile is retrieved at the same tangent 

heights as the original spectra. The following sections describe retrieval procedure 

after which the results for each investigation are presented separately for a 1 2  km and 

18 km cloud.

4.2.2.2 Step 2. Representing real cloud in M IPAS LIB spectra

Due to the ubiquitous nature of clouds, it can be difficult to differentiate how much 

of the radiance observed at MIPAS is due to cloud only. If a cloud completely fills 

the FOV, the cloud must have a large horizontal extent and a vertical thickness 

approximately three kilometres or more. Alternatively, if a cloud partially fills the 

FOV, the horizontal extent of the cloud may not be large enough or part of the cloud 

may be outside the MIPAS FOV. These scenarios are difficult to model therefore, a 

simplistic approach is used for the representation of the particle extinction a priori, 

assuming th a t the cloud is of large horizontal extent completely filling the MIPAS 

FOV. As the chosen cloud scenarios are all clear-sky (CI-A >6.0) above the cloudy 

tangent height, the cloud top must be contained within the FOV of the cloudy tangent 

height. Hence, the shape of the a priori extinction profile does play an im portant role 

in defining the retrieval and must take into account the upper bounds of the MIPAS 

FOV.

The MIPAS FOV is a four point trapezium of base 4 km and top 2.4 km. The 

tangent heights used to define the a priori particle extinction profile is extracted 

directly from the cloud index profile. To create a “cloud box” , additional altitudes 

are required near the cloudy MIPAS tangent heights to which the a priori extinction 

can be extended to. A FOV calculation is performed to obtain the upper and lower 

overlap limits of the MIPAS FOV around the cloudy altitude. A schematic of the 

FOV set-up is shown in the figure 4.5 below. The red profile in the figure shows 

an a priori extinction profile defined at the measurement tangent altitudes. The 

intrusion of cloud radiance into the FOV above the cloud is clearly visible and is not 

representative of the real situation. The a priori shape used in this investigation 

correspond to the aqua profile on the right hand side of figure 4.5. The accuracy of 

the extinction retrieval is highly dependent on making realistic assumptions about 

the real situation and the cloud index profiles are invaluable for this process. An
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unrealistic representation of the cloud situation, for example, if the cloud radiance 

impinges on the FOV above, could result in the radiances above the cloudy altitude 
being overestimated.

N o n - c lo u d y  
e x t in c t io n  , ,

C lo u d y
e x t in c t io n

C lo u d y
'e x t in c t io n

Particle extinction defined at cloudy tangent altitude 
Particle extinction defined as a  cloud box

Figure 4.5: Creating a cloud box

The a priori extinction profiles used in these analysis are based on cloud index 

look up tables that have been generated using climatological extinction profiles re

trieved from measurements obtained from the HALOE instrument and the standard 

maximum, mean and minimum equatorial atmospheres for MIPAS.

4.2.2.3 S tep  3. E stim ating  cloud ex tinc tion

A simple retrieval methodology based on an optimal estimation technique was found 

to be sufficient to retrieve particle extinction. As the objective of this investigation 

is to test the response of the L2 processor, the retrieval and simulation setup must 

be consistent with the operational MIPAS L2 processor. Hence, the spectroscopic 

and instrument parameters that are used for the retrieval of particle extinction, and 

furthermore the simulation of the operational microwindows, are identical to those 

used by the operational L2 processor (see Table 4.6). The spectroscopic line and 

cross section information comes from the dedicated MIPAS spectroscopic database 

used operationally by the MIPAS L2 processor and atmospheric parameters used in 

the retrieval come from the MIPAS Reference Atmosphere, Standard atmospheres
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RFM Setup
Spectral grid: 0.0005 cm - 1  

Spectral resolution: 0.025 cm - 1  

Refraction of ray paths 
Voigt line shape
W ater vapour continuum: MK.CKD file 
Atmospheric Constituents
Mean equatorial climatology of target and interfering trace gases from Refer
ence Atmosphere V3.1: mipas_eqn_d2.atm file 
Spectroscopic Param eters
Spectroscopic lines and absorbing cross sections from dedicated MIPAS HI- 
TRAN database: mipas_hitran_pf3.1 file 
Instrum ent Parameters
MIPAS Field of View Convolution: rfm_lkm5.fov file
Apodised Instrum ent Line Shape Convolution for MIPAS bands: files mi- 
pas_a_ails (and so on)

Table 4.6: Setup for retrieval of particle extinction and L2 profile retrieval

dataset [Remedios et al., 2007]. In this particular investigation, mean equatorial pro

files are used for the representation of the mean tropical atmosphere. These are the 

only profiles used in the particle extinction retrieval and microwindow simulations 

and no real MIPAS data  are used to ensure tha t no additional variability (or errors) 

are introduced into the retrieval. The Oxford RFM is employed to simulate the MW2 

radiances from the cloud altitude (either 12 or 18 km) to 40 km. The retrieval method 

uses an Gauss-Newton iterative process, modified by the Levenberg-Marquardt cri

terion and requires a suitable particle extinction a priori profile th a t is discussed in 

the following section. A solution is found when the retrieval reaches convergence by 

the minimisation of the cost function. Generally, convergence is reached within 4 - 6  

iterations. The retrieval setup used for the particle extinction retrieval and H20  and 

O3 simulations is shown in Table 4.6.

4.2.2.4 Step 4. Verifying sim ulations of M IPAS cloud microwindows

To verify tha t the retrieved cloud extinction coefficient represents the cloudy spectra 

used in this analysis, the RFM is used to simulate microwindow MW1 and MW2 

with the retrieved cloud extinction profile. A simulation of the cloud spectra from 

12 km to 6 8  km is performed using the setup described in table 4.6 and the CI-A is 

calculated from the simulated spectra and compared to  the real CI-A. A comparison

103



of the simulated spectra is performed by: 1 ) comparing the actual radiances of the 

full radiance spectra in the cloud microwindows to real spectra and 2 ) comparing the 

mean radiances of both the simulated and real spectra against CI-A in microwindows 

MW1 and MW2. In the operational L2 processor, the cloud detection was incorrectly 

incorporated in th a t the upper limit of MW1 was defined as 799 cm - 1  instead of 

796 cm-1 . For consistency with this, all CI-A values calculated in this investigation 

use 799 cm - 1  as the upper limit for MW1. Note th a t the importance of this step 

is to verify reasonable behaviour of the selected cloud scenario rather than absolute 

accuracy in matching radiances.

4.2.2.5 Step 5. Simulating nominal microwindows for H 20  and O3

After confirming tha t the retrieved cloud extinction coefficient is an reasonable repre

sentation of the cloud radiance in the cloud microwindows, the nominal H20  and O3 

microwindows used for operational MIPAS processing are simulated using the RFM 

with the retrieved extinction profile. Spectra are simulated from 1 2  km to 6 8  km to 

represent the full MIPAS elevation scan tha t is used in this analysis. The simulated 

radiances are compared to the real spectra in all microwindows as well as the mean 

calculated radiances against the CI-A calculated from the cloud microwindows. This 

is to verify tha t simulated spectra agree with the real MIPAS cloud data, using the 

retrieved cloud extinction and furthermore, highlight wTether the cloud exhibits any 

wavelength dependency in the H20  and O3 microwindows.

Once the accuracy of the spectra in the nominal microwindows is verified, the same 

set of H20  and O3 spectra are simulated using modified versions of the retrieved cloud 

extinction profiles. The extinctions are perturbed in steps of - 5 to -10 % to produce 

a range of extinctions and CI-A values tha t represent the transition from clear-sky 

spectra to cloudy spectra. The values of the cloud indices produced cover a CI-A 

range from < 1 . 8  to > 6 . 0  where the clear sky conditions are produced using an 

extinction profile of lxlO - 6  km-1 . The spectral regions for the cloud and nominal 

H20  and O3 microwindows used in this analysis, and the interfering absorbers used 

in each region are given in Table 4.7.
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Microwindo^
name

ywavenumber 
range cm - 1

Interfering Absorbers

MW1 788.2 - 799.25 h 2o  c o 2 c h 4 h n o 3 n 2o  n o 2 o 3 c 2 h 6 n 2 o 5

CC14 C10N 02 0 2 CFC-11 CFC-12 HCFC-22 CFC- 
113

MW2 832.3 - 834.4 SAME AS MW 1

H20-0001 1650.025
1653.025

h 2o  c h 4 h n o 3 n 2o  n o 2 o 3 n h 3 0 2

H20-0022 946.65 - 947.7 H20  C 0 2 H N 0 3 N20  0 3 NH3 COF2 SF6 CFC-113
H20_0002 807.85 - 808.45 h 2o  c o 2 h n o 3 n o 2 o 3 n h 3 c o f 2 CIO c 2 h 6

CC14 H N 0 4 C 10N 02 HCFC-22 CFC-113
03__0021 763.375

766.375
h 2o  c o 2 h n o 3 n o 2 o 3 n h 3 c o f 2 c 2 h 2 CC14

HCN CH3 C1 C 10N 0 2 N2 0 5

03-0001 1122.8 - 1125.8 H20  N20  0 3 CH4 S 0 2 NH3 CFC-12 CFC-13 
HCFC-22 CFC-113 CFC-114 CFC-115

Table 4.7: Microwindow regions and interfering absorbers

4.2 .2 . 6  Step 6 . Retrieving cloudy L2 H 20  and 0 3  w ith the ORM

The ORM, tha t is the prototype code of the L2 processor (Chapter three, section 

3.5) is used in this analysis for the retrieval of L2 H20  and 0 3 profiles for each of the 

simulations. The RFM - generated spectra are treated as MIPAS observations by the 

OFM tha t simulates the spectra starting from the same climatological profiles used for 

the particle extinction retrieval. The true profile is represented by the climatogical 

profiles tha t are perturbed by -15 % away from the original climatological values. 

Random noise, corresponding to the NESR for each consecutive band is added to all 

spectra and the same random seed is applied to the clear sky and all cloudy tests 

performed. All spectra are convolved with the AILS function and IFOV function 

tha t is used operationally by the L2 processor. Profiles are retrieved with the same 

convergence criterion used operationally tha t require the y 2 value to be below some 

threshold values and the maximum number of iterations is set to 6  (see chapter 3 

for a description of the L2 retrieval). A systematic difference will exist between the 

ORM and RFM generated spectra because the particle extinction retrieval grid near 

the cloud altitude is not the same as the retrieval grid used by the ORM.
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4 .2 .2 .7 Step 7. R elating the CI-A to retrieved H 20  and O 3

As the prim ary objective of this investigation is to examine how cloud presence devi

ates the retrieved profiles away from expected clear-sky profiles, all profiles are com

pared to the clear-sky profiles retrieved by the ORM. This allows a direct comparison 

of a cloud affected profile to what MIPAS would “see” in terms of concentrations, in 

a typical clear-sky retrieval. To investigate the effect of increased particle extinction 

in the cloud, H20  and O3 microwindows, the relationship between the CI-A and ra

diances in all microwindows and furthermore, the relationship between the CI-A and 

the retrieved concentrations of H20  and O3 can be deduced. This relationship can be 

used to indicate: 1 ) whether the limit where the extinction due to cloud or aerosol 

in the MIPAS FOV will not affect the retrieved concentrations of H20  and O3 and 

2) If the variability in the tropical UTLS is not explained by cloud effects then this 

investigation can highlight systematic factors other than clouds tha t cause variability 

in the retrieved concentrations. For all cloud case studies investigated the results will 

be presented in the following order.

1. Information about the retrieved particle extinction will be given and the spectra 

for each CI-A will be presented.

2. The retrieved profiles and the operational random retrieval errors for the cloudy 

and clear-sky cases will be presented.

3. The relationship between the retrieved concentrations and the CI-A is investi

gated by calculating the deviation of the retrieved cloudy concentration from 

the expected clear-sky concentration using equation 4.1.

( V M R Cld ~  V M R c l e a r  ̂ , inn (A ^
DeVvMR =  (  v m r clear  } * 1 0 0  (4' 1}

The units for DevVMR are given in percent (%). The corresponding operational 

random retrieval error is also presented, in percentage terms using equation 4.2.

E r r o r  =  ( f ^ LOUD) * 100 (4.2)
V M  R clear

Where the terms V M R cloud , V M R Clear  and E R R Cloud correspond to the
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retrieved cloudy, retrieved clear-sky and the cloudy random retrieval error, re

spectively.

4.3 R esu lts

The following sections present the results of 1 2  km and 18 km cloud cases on MIPAS 

H2O and O3 retrievals, beginning with the 1 2  km cloud case study.

4.4 Case study: cloud at 12 km

To investigate how an upper tropospheric cloud affects MIPAS retrievals, a scenario 

is defined in which a cloud with CI-A < 1 .8  occurs at 12 km and all tangent heights 

above are non-cloudy. A real MIPAS radiance profile that appears to correspond to 

this scenario was found in orbit 07386 and scan number 5 corresponding to a latitude 

and longitude of 1.98°N and 152.9°E respectively. The cloud index profile for the 

real case, with a CI-A =  1.49 at 12 km, is shown (black dotted line) in Figure 4.6(a) 

along with the cloud index profiles for all simulations. The particle extinction profiles 

used in each simulation is shown in Figure 4.6(b). The retrieved cloud extinction in 

these cases can be thought of as an effective total particle extinction, combining the 

resultant effects of the absorption and scattering coefficients cannot be deduced here.
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(a) 1 2  km cloud index profiles (b) 1 2  km particle extinction profiles

Figure 4.6: Simulated 12 km cloud indices and a priori extinction profile. Note the 
shape of the extinction profiles in which each profiles is assumed to fill the cloudy 
tangent height FOV completely.
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4.4 .1  S im u lated  cloudy  spectra

Figures 4.7(a) to 4.7(g) show each set of simulated cloudy and clear sky spectra plot

ted against the chosen real MIPAS spectra (black spectra). Each figure is labelled 

with the corresponding microwindow name and the CI-A value for each set of spectra 

(calculated from the mean radiances in MW1 and MW2) is colour-coded shown along

side each figure. The relationship between the cloud index and the spectral offset is 

evident as the CI-A undergoes a transition from cloudy to non-cloudy values. The 

simulation of the real MIPAS spectra in the cloud microwindows, in figures 4.8(a) 

and 4.8(b) show th a t the simulated cloudy spectra compare well to the real MIPAS 

spectra giving confidence tha t a realistic representation of cloud using the retrieved 

extinction is achieved. Some dissimilarity is observed in M W 1 where the CO 2 peak 

around 791.5 cm - 1  is slightly higher than tha t observed in the real MIPAS data. 

This is a small difference relative to the total observed radiance in this region. The 

simulated spectra for the H2 O microwindows are shown in figures 4.7(c) to 4.7(e) 

and the figures show that the radiance tends to be overestimated in the H20  peaks 

at 1652.6 cm - 1  and 808.15 cm-1 . This overestimation is believed to be due to the 

mean equatorial reference atmosphere H20  profile, which as shown by Remedios et al. 

[2007], is typically higher than the mean L2 MIPAS profiles retrieved from full reso

lution L2 data. In the two O3 microwindows, region 0 3 —0021 is in better agreement 

with the real MIPAS cloud spectra than region 03-0001 where a constant offset of 

approximately 100 nW /(cm 2sr cm-1) can be observed. As the concentrations of the 

absorbers used for this simulation are identical to those used operationally, the cause 

of this offset may be an underestimation in the concentrations of some of the heavier 

gases in this region such as CFC-113, HCFC-22 and CFC-12.

Another diagnostic of the representation of the cloud cases simulated can be pro

duced by examining the variation of radiance in each microwindow with CI-A as noted 

previously. The mean radiance in each simulated microwindow is plotted against CI-A 

(green diamonds) and is shown in figures 4.8(a) to 4.8(g). These are compared to the 

variations observed in real MIPAS radiances shown in each figure as black diamonds 

using 25 days worth of real MIPAS LIB data (from 1st August to 25th August 2003). 

This equates to approximately 3500 MIPAS data  points in each microwindow.

In cloud MW2, the mean simulated radiances capture the behaviour of the real 

data where the mean radiances decrease with increasing CI-A value. The real mean
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Figure 4.7: Cloudy to clear sky 12 km spectra generated for the MIPAS cloud and 
nominal O3 and H2O microwindows.



radiances show a neat, compact relationship with decreasing CI-A value and the mean 

simulated radiance values lie within this compact range of radiance values. A similar 

pattern is observed in cloud MW1 although the variability of the real data  is not as 

compact as th a t observed in cloud MW2. It is noteworthy tha t very high radiances 

are observed at low CI-A in the real spectra. It is not the objective of this thesis to 

model these data  as they are opaque enough to clearly cause problems for trace gas 

retrievals. The plots in Figure 4.8 substantiate the reasonableness of the simulated 

spectra for each CI-A as a good representation of the radiance variation with the 

CI-A value observed in the real data.

In the H20  microwindows, the simulated spectra lie well within the mean radiance 

variability of the real data. The spectra in H20-0001 are different in behaviour 

because the H20  line and continuum effects mean the window is close to saturation. 

Hence, with increasing CI-A, the saturated H20  peak is not affected greatly with 

changing cloud influence although this set of spectra is on the higher edge of the 

variation in this microwindow.

For O3 , the simulated radiance and CI-A variation compares well with the varia

tions observed in the real data in the band A 0 3 —0021 microwindow. In the 0 3 —0001 

microwindow, tha t is a band C microwindow, the RFM spectra are on the lower edge 

of the variability in the real data and this clearly relates to the offset observed in 

this region. The mean radiances calculated from the real data show some low radi

ances tha t tend to be near-zero. Some interesting behaviour can be observed in both 

O3 microwindows and region H20-0001 where bands of low mean radiance deviate 

away from the main mean radiance curve. These points are nominally disregarded 

here as they are occur at low CI-A values produced by opaque clouds. However, these 

scenarios may be prove to be interesting in retrievals of cloud properties from MIPAS.

4 .4 .1 . 1  R etrieved cloudy and clear-sky H 20  and O 3  profiles

Figures 4.9(a) to 4.9(d) show the ORM retrieved profiles of H20  and O3 with and 

without cloud at 12 km. The figures are arranged so th a t the top two figures show 

H20  and O3 profiles for the cloudy (CI-A =  1.49) vs. clear-sky. The bottom  two 

figures (Figures 4.9(c) and 4.9(d)) show all the cloudy and clear-sky H20  and 0 3 

profiles investigated. The CI-A corresponding to each profile is plotted alongside.

W hen 12 km cloudy spectra are included in the retrieval of H2 0 , the retrieved
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concentrations are higher at 12 km and lower at 15 km compared to the cloud-free 

H2 O profile 4.9(a). The concentration profiles in figure 4.9(c) shows tha t as cloud 

influence increases (i.e. CI-A becomes smaller and cloud becomes optically thicker) 

the concentrations at 1 2  km are positively biased with a simultaneous negative bias 

at 15 km. For 0 3, the retrieved concentrations at the cloud altitude are lower than 

the cloud-free profile when a cloud is present at 1 2  km. Above the cloud, the con

centrations appear to becomes higher than then clear-sky profile 4.9(b). The figure 

shows tha t the retrieved cloud-free O3 profile itself deviates quite significantly from 

the ’true’ profile used indicating tha t in cloud-free conditions, O3 retrievals are prob

lematic. This is because of a combination of low tropopause tem peratures and low 

O3 signal at this altitude. In this case, these factors in addition to a 3 km retrieval 

grid produces a negative bias in the retrieved concentration at 15km. It is expected 

tha t the retrieval grid in the new reduced resolution mode will improve O3 retrievals 

around the tropopause region. Also for O3 we find the cloudy profile is coincidentally 

better matched to the true profile because of the increased signal from cloud com

pensating the low O3 signal for this region. The profiles retrieved in the presence of 

varying cloud (Figure 4.9(d)) appear to increase and decrease at the cloud altitude 

with what appears to be an anti-correlation between the 12 km and 15 km altitudes. 

However, no distinctive behaviour can be deduced from the concentrations.

4 .4 .1 . 2  D eviations in retrieved H20  profiles

The deviations from expected clear-sky concentrations, produced at 12 km and 15 

km, by a 12 km cloud are shown in more detail in figures 4.10(a) and 4.10(b). Details 

are given in the figure captions. These results highlight two significant cloud effects: 

firstly, the deviations in the profiles appear to increase systematically with decreasing 

cloud index (and therefore increasing cloud influence), and secondly, tha t increasing 

cloud presence always increases the random retrieval error. The negative deviation 

at 15 km can be significantly larger than the random retrieval error at 15 km with 

increasing cloud influence at 12 km. In addition, note th a t the H20  clear sky profiles 

also possess a small positive bias compared to the tiue  profile used by the ORM. 

Although the bias for H20  is relatively small at the cloud altitude, it is higher than 

the true profile at higher altitudes.

In principle, the systematic cloud error can be calculated from both the 12 km and
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the 15 km deviations from clear sky profile as produced by the 12 km cloud. These 

are root-sum-squared with the 12 and 15 km Oxford clear sky systematic errors and 

are shown in figures 4.10(c) and 4.10(c). On the same figures the Oxford estimated 

clear sky random error (dotted red line) and the random retrieval error (solid red line) 

from each retrieved profile are also plotted. As shown by the solid and dotted blue 

lines in figure 4.10(c), the estimated systematic error increases by almost 40 % for a 

CI-A < 1.8. For this particular case, the 1 2  km random retrieval error is lower than 

the estimated Oxford error for 1 2  km and although it increases with increased cloud 

influence, it is not as significant as the change in the systematic errors. Figure 4.10(c) 

shows tha t the impact on the random retrieval error at 15 km is not as significant as 

the change in the 15 km systematic error.

4.4.1.3 D eviations in retrieved O3  profiles

The 12 km and 15 km deviations produced by a cloud at 1 2  km on the O3 profiles are 

shown in figures 4.11(a) and 4.11(b). As cloud presence is varied, the deviation of the 

retrieved cloudy concentration from the cloud-free concentrations can be positive or 

negative. W hat is clear from the 12 km results is th a t the change in random retrieval 

error is far more significant compared to the apparent systematic deviation at 1 2  km. 

In this particular case, the random retrieval error for the clear-sky case is larger than 

the Oxford estimates but more im portantly increases greatly with increasing cloud 

influence. Above the cloud altitude, at 15 km, the errors are clearly larger than the 

deviations produced by the cloud below. Given the greater random error, it is difficult 

to infer a systematic cloud error despite the results of Figure 4.11, a point which is 

returned to later in the discussion.

4.4 .2  In vestiga tin g  th e  im pact o f random  noise on 12 km  

retrievals

All retrieved profiles shown in the 12 km analysis were retrieved by fulfilment of the 

operational L2 convergence criteria (section 3.5.4) so th a t the experiment is consistent 

with the current operational L2 retrieval settings. The O 3 retrieved profiles in par

ticular, demonstrated tha t near the tropopause, where concentrations are small, the
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propagation of measurement noise at these altitudes is the dominating factor control

ling the retrieved concentrations. As a result of this, no conclusive systematic cloud 

effect on O3 retrievals could be determined. To investigate what the effect of random 

noise propagation into the retrieved concentrations and the corresponding retrieval 

error are, the impact of adding varying random noise seeds into the retrievals was 

evaluated. For selected CI-A values obtained in the analysis above, the H2O and O3 

retrievals at 1 2  km were repeated using three varying random noise seeds.

The CI-A values tha t were chosen for the noise sensitivity tests were: a) CI-A =

1.8 to represent a definite cloud; b) CI-A > 6.0 to represent a definite cloud-free case;

c) CI-A =  4.0 as this has been suggested by G latthor et al. [2006] and Spang et al. 

[2004] to be onset of cloud-free measurements; d) CI-A =  3.0 as this was chosen to 

be a general cloud index by Sembhi et al. [2007]; e) 2.5 which allows a modest 20% 

deviation at 1 2  km and changing the systematic error by 5 %.

The results for the cloud at 12 km are presented in Figures 4.12(a) to 4.12(f) for 

H20  at 12 and 15 km and Figures 4.13(a) to 4.13(d) for O3 at 12 and 15 km. The H20  

deviations remain larger than the random error for all seeds although the propagation 

into the altitude above does tend to change slightly for CI-A <1.8. The random 

retrieval error always increases with increasing cloud influence with all random noise 

seeds tested. For O3 , the deviations tend to not change significantly in each random 

noise tested and in all cases, the random error at 1 2  km is more significant than the 

deviations.

4.5 Case study: cloud at 18 km

A similar cloud case has been studied for 18 km using the real MIPAS radiance profile 

from orbit 07963 and scan number 9 where the 18 km tangent height has a CI-A <

1 . 8  and all tangent altitudes above are non-cloudy. The chosen Cl profile is based 

at a tropical latitude and longitude of 16.49°N and 49.43°W respectively. Although 

the statistics show that there is not a large fraction of clouds using the 1 . 8  definition 

(less than 6 %), there are more potential clouds tha t correspond to CI-A between 1 . 8  

and 6.0 (up to 10 % is some cases) th a t may affect retrievals. The cloud index profile 

for the real case, with a CI-A =  1.72 at 18 km is shown (black dotted line) in Figure 

4.14(b) along with the cloud index profiles for all simulations. The corresponding
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particle extinction profiles used in each simulation are shown in Figure 4.14(a). The 

cloud box for the 18 km cloudy case was created using the method illustrated in 

Figure 4.5 and similarly to the 12 km case, the cloud box is assumed to fill a large 

part of the cloudy tangent height FOV completely.

4 .5 .0 . 1  S im ulated  cloudy  sp ec tra

The spectra simulated for the 18 km cloud and nominal O3 and H20  microwindows 

are shown in figures 4.15(a) to 4.15(g). The match of the real data (black spectra) 

and the simulation of the real data (labelled ”sim 1 ” in each figure) confirm that the 

retrieved cloud extinction coefficient is a reasonably accurate representation of the
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real cloudy spectra used in this analysis. In the H20  microwindows, the spectra match 

well, similar to the 1 2  km cloud case, although a noticeable offset of approximately 50 

nW /(cm 2sr cm-1) appears in the H20-0001 microwindow. The simulated spectra in 

region 03__0021 agree well with the real data however, in the 0 3 —0001 microwindovr, 

the simulated spectra are smaller than the real MIPAS data  by approximately 250 

nW /(cm 2sr cm-1). It appears tha t the cirrus cloud at this altitude does not exhibit 

the same spectral response at all wavenumber regions indicating tha t perhaps this 

effect is due to a wavelength dependency of cirrus in the infrared region [Yang et al., 

2001]. The inadequacy of the retrieved particle extinction to match the real MIPAS 

radiance in microwindow 0 3 —0001 is investigated further below.

In figures 4.16(a) to 4.16(g), the mean radiance in each MIPAS microwindow of 

the simulated spectra is plotted against CI-A with the mean radiance of the real 

MIPAS data, similar to the 12 km case. The figures display th a t at this altitude and 

for the range of real MIPAS data chosen, only a small percentage of the real data  falls 

below the 1.8 CI-A threshold and tha t there is a large sampling of points with CI-A > 

6 . The simulated radiances appear to be slightly underestim ated in all microwindows 

except for region 0 3 —0001, in comparison to the real MIPAS data. However, for the 

CI-A range investigated, the transition from cloudy to non-cloudy radiances has been 

fully captured by the simulated spectra. Clearly there is a significant underestimation 

in microwindow 0 3 —0001, also shown in Figure 4.15(f) for which there could be three 

possible reasons: 1) Some problem with this particular band AB microwindow, 2) the 

climatological profiles of some of the absorbers used in this region are too low, or 3) 

the zero-scattering RFM model is not able to fully capture the radiance produced 

by a high altitude cloud, assumed to be formed mostly of small ice crystals, in this 

particular microwindow. Factors 1 and 2 can be ruled out mainly because, in the 12 

km cloud case, the simulated radiances match reasonably well in this microwindow 

using the same climatological profiles. The evidence suggests tha t the effect observed 

this microwindow occurs only in the presence of a high altitude cloud. The possibility 

tha t some additional absorbers tha t may be im portant in the lower stratosphere such 

as H2 SO4 aerosol, but are not included in the simulation of this microwindow, cannot 

be ruled out.
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4.5.0.2 C om pensating for the 0 3 —0001 offset

Figure 4.16(f) shows tha t there is a large offset between the simulated and the real 

spectra in the 0 3 —0001 microwindow. The shape of the real MIPAS radiance curve 

has been captured by the simulations although a significant offset remains between 

the simulated and real radiances at all CI-A values and even for the clear sky case. 

Although the cause of this offset is not known, it is not representative of cloud affected 

spectra used in this analysis therefore an attem pt to modify the simulated spectra so 

tha t they are closer to the real MIPAS behaviour is made. A scaling method is used to 

scale up the simulated mean radiances at low CI-A values to be more representative 

of the real scenario. The scaling method tha t was used to fit the simulated radiance 

to the observed radiances addressed two issues; first the clear sky difference between 

the two curves and second, the “missing” cloud radiance contribution.

For each CI-A value calculated from the simulated data, the expected mean radi

ance was found by fitting a curve to the real MIPAS data. The curve th a t fitted the 

real MIPAS data was found to resemble a function th a t combined a linear fit through 

CI-A values between 10 and 4 and a hyperbolic fit through CI-A values between 4 

and 1.6. The scaling method was split into two parts; firstly, the scaling factor Si 

required to eliminate the clear sky radiance offset between the fitted curve Specfu  

and the simulated spectra Specsimi was calculated using Equation 4.3, given by:

0  Specfu  -  (Specfit(clearsky) -  (Specsimi(clearsky )) fA 0^
Specsimi

Using this scaling factor, the particle extinction used in each set of simulated 

spectra was multiplied by Si and a second set of 0 3 —0001 spectra called Specsfm 2 

and cloud extinction coefficients were obtained. The difference between radiance and 

extinction coefficients from Specsimi and Specs*m 2 provides information about the 

how a change in the cloud extinction produces a change in the radiance. Using this 

knowledge, the Jacobian, Jacaer, for these two sets of spectra was calculated using 

Equation 4.4:

j  Arczd Specsim 2 Specsim\ ^  ^
aer A aer E x tin cSim 2 — Extincsimi ’ 

where Specsjm 2 and ExtincSim 2 are the simulated spectra and the extinction of spectra 

2 and Specsimi and ExtincsiTni are the simulated spectra and the extinction for spectra
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1 . As Jacaer indicates how a change in cloud extinction relates to a change in cloud 

radiance, the expected change in extinction required between the fitted radiance and 

Specsimi, Aaer2 was calculated rearranging Equation 4.4. Thus the cloud extinction 

that would be required to produce the radiance observed in the fitted spectra was 

found to be the sum of Extincsim 2  and Aaer2. A new scaling factor was obtained 

from the ratio of the expected cloud extinction to the original cloud extinction. The 

results of this scaling process are shown in Figure 4.17. Despite the clear sky offset, 

the results show that the radiances are now closer to real spectra in terms of radiance, 

than the radiances observed in the original case. The figure shows the original spectra 

and the new scaled spectra (with a clear sky offset). At low CI-A values the shape 

of the radiance curve is not reproduced at all indicating that perhaps for clouds 

at this altitude, that are likely to a large number of small scattering ice crystals, 

a zero scattering scheme such as the RFM is not sufficient. It is clear that the 

extinction retrieved from the MW2 region does not produce the expected radiances 

in 0 3 —0001 and that some wavelength dependent behaviour can be observed in this 

case. Certainly it appears that certain spectral regions respond differently to the 

same cloud extinctions. In the “real” case, the ratio between the original extinction 

coefficient and that used to scale the 0 3 —0001 region is found to be 4.6 times greater 

compared to that retrieved from the MW2 region. However, this factor is still not 

sufficient enough to simulate the real radiance.

i

8000 200 400 600
MEAN RADIANCE: 1123.1 -  1123.3 [nW/(cm* sr cm*’)]

Figure 4.17: Scaling the radiance in 0 3 —0001 at 18 km

1123 1124 1125
Wovenumber [cm"')

124



4.5.0.3 R etrieved profiles of H20  and 0 3

Figures 4.18(a) and 4.18(b) show the retrieved profiles of H20  and 0 3 with and 

without a cloud at 18 km. The figures show th a t the clear sky H20  profile is lower 

compared to the true profile used in this case and th a t the cloudy profile is closer to 

the true profile. At these altitudes near the tropopause where the H20  concentrations 

and the tem peratures become increasingly low, the figure shows th a t retrievals a t this 

altitude will be negatively biased. Comparing the cloudy profile to the clear sky shows 

th a t at 18 km, the cloud produces a positive bias in concentrations retrieved in the 

presence of cloud.

At 18 km, the clear sky O3 compares well to the true profile used in this analysis 

showing that the retrieval of O 3 at 18 km performs better than  the performance at 

12 km. This would be expected because O3 concentrations begin to increase above 

the tropopause region. Comparing the cloudy profile to the clear sky shows tha t a 

cloud at 18 km results in an increase in the retrieved concentration a t this altitude. 

Figures 4.18(c) and 4.18(d) show all profiles retrieved with varying cloud presence.

4.5.0.4 Deviations in retrieved H20  profiles

The deviations of the 18 km and 21 km cloudy concentrations from the expected clear 

sky concentrations are shown in figures 4.19(a) to 4.20(b). W ith increasing cloud in

fluence, the deviations increase to 20% for CI-A near 2.2. Below this CI-A value, the 

deviations appear to shift to low values and this behaviour is not consistent with tha t 

observed at 1 2  km. At 2 1  km the deviations are smaller than those observed at 18 

km. In both cases, however, it must be noted tha t corresponding retrieval errors are 

significantly larger than the deviations. Figures 4.19(c) and 4.19(d) show the esti

mates of the new systematic error calculated from the root-sum-square of the Oxford 

estimated systematic errors at 18 and 21 km with the corresponding deviations. The 

figures show th a t increased cloud influence does not significantly affect the system

atic errors 18 and 2 1  km and th a t the effect of cloud on the corresponding random 

retrieval error, th a t increases with increased cloud influence, is more significant. The 

deviations a t 18 km are significant smaller than those observed at 1 2  km.
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4.5.0.5 D eviations in retrieved O3  profiles

Figures 4.20(a) and 4.20(b) show the deviations in the 18 and 2 1  km O3 concentrations 

from the expected clear sky concentrations. The deviations increase to almost 20% 

with increasing cloud influence at a CI-A near 2.2. Below this CI-A, there is a shift 

where the deviations become small. At 21 km, the deviations are negatively biased 

although the percentage change is no more than 10%. In both cases, it should be 

noted tha t the random retrieval errors are comparable to the deviations although 

they are slightly larger than the deviations. A new systematic error (using the root- 

sum-square method to incorporate the cloud systematic error) for 18 and 2 1  km is 

shown in 4.20(c) and 4.20(d). At 18 km, the new systematic error increases to almost 

double the estimated clear sky systematic error up to a CI-A near 2.2. For lower 

cloud indices, the deviations tend to merge back to the clear sky systematic error. 

At 18 km, the impact of cloud on the random retrieval error is to increase the error 

with increasing cloud influence. At both, 18 and 2 1  km, the O3 deviations are just 

as significant as the changes in the random errors.

4.5.1 Investigating the impact of random noise on 18 km 

retrievals

To test the impact of varying noise seeds at 18 km, the same tests applied to the 

12 km are applied here with similar cloud indices. For 18 km, the effect of random 

seed variations on the deviations and retrieval errors of H 2 O  and O 3  are shown in 

Figures 4.21(a) to 4.21(f) and Figures 4.22(d) to 4.22(d). The impact of varying 

random noise seeds in the retrievals of H 2 O  and O 3  does not affect the behaviour of 

the retrieval noise previously observed for the 18 km in th a t the retrieval error tends 

to significantly larger than the deviations on the profiles and always increases with 

decreasing CI-A value. Similarly, the propagation of cloud effects into the 21 km 

retrieved concentrations tends to have an effect on the deviations of 2 1  km H2 O and 

O 3  concentrations tha t is smaller than the retrieval errors at this altitude.
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4.6 D iscu ssion

The presence of cloud at 12 km clearly introduces an error at the 12 km and 15 km 

tangent heights. These errors reveal themselves in a divergence of each cloudy profile 

and corresponding retrieval errors from the expected clear sky profile and retrieval er

rors. The observed deviations in concentrations are also a result of the anti-correlation 

between the cloudy altitude and the altitude above. This anti-correlation appears be 

related to oscillations in the profiles and the observed behaviour suggests that the 

cloud presence introduces retrieval instabilities thereby enhancing profile oscillations. 

In both H20  and O3 , the estimated standard deviation of the retrieved profiles, shown 

by the random retrieval error, increases with decreasing CI-A indicating that cloud
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presence results in a loss of information about the target species and make the re

trieval uncertainty increase (in other words, the precision decreases). The deviation 

behaviour indicates that the current cloud detection threshold is not high enough to 

remove the effects of cloud although the results also indicate that there may always 

be some particle influence in the retrieved profiles. A combination of low radiance 

signal (from temperature and O3) and a coarse retrieval grid means that cloud-free 

O3 profiles can in fact be underestimated near the tropopause. The systematic devi

ations for 0 3 are not as significant as the effect on the random retrieval errors that 

tend to increase with increasing cloud influence for O3 (and H2 0 ) at 1 2  km and 15 

km.

For 18 km, the analysis have shown that a cloud at 18 km will impact the retrieved 

concentrations and the random retrieval error at and above 18 km. A feature that is

131



consistent with the observations of cloud effects at 1 2  km is th a t the random retrieval 

error always increases, at the cloud altitude, with increased cloud influence. There is 

some discontinuity in the H20  and 0 3 deviations for cloud indices below 2.2 where the 

deviations shift from an increasing behaviour and tend to become low or almost zero. 

The reason for this behaviour in the H20  deviations is unclear although for 0 3 the fact 

th a t the radiances below this CI-A are not well reproduced could be a reason for the 

observed deviations. Both H20  and 0 3 deviations, in this case, are positively biased 

at 18 km and are negatively biased at 2 1  km and in both cases, the deviations are 

smaller than the corresponding random retrieval errors. The 0 3 retrieved profiles in 

particular, demonstrated th a t near the tropopause, where concentrations are small, 

the propagation of measurement noise at these altitudes is the dominating factor 

controlling the retrieved concentrations. As a result of this, no conclusive systematic 

cloud effect on 0 3 retrievals could be determined.

The noise sensitivity tests tha t were performed in this analysis verified tha t varying 

random noise propagation into the 12 and 18 km H20  and 0 3 has a similar effect 

to th a t observed in the two cases studies. The systematic cloud effect on the 12 km 

H20  concentrations appeared as a consistent feature in all of the noise tests. For 

0 3 at 12 and 18 km, and H20  at 18 km, the deviations remained smaller than the 

retrieval error. The tests have highlighted th a t near the tropopause region, MIPAS 

retrievals of the H20  and 0 3 do not perform so well due to the combination of cold 

tropopause tem peratures and the steep gradients of both  gases, particularly where the 

concentrations become small. As well as these natural factors, the retrieved quantities 

are affected by larger random and systematic errors as shown by the Oxford University 

MIPAS errors estimates for H20  and 0 3 in this region.

4.6.1 Investigating the relationship between the CI-A and 

scattering

So far, the impact of scattering has been assumed to be negligible in all radiance 

calculations performed with the RFM. The L2 processor’s OFM model also does not 

include scattering in its calculations of the real MIPAS spectra and in some atmo

spheric situations, zero scattering schemes can potentially lead to an underestimation 

in the radiance calculation. For clouds with a large amount of scattering (i.e. a
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high single scattering albedo tha t is the ratio of the scattering to the extinction co

efficients), radiances can be underestimated by up to 40 % and may be unable to 

simulate absorption features in the spectra as shown by Hopfner and Emde [2005]. 

Clearly such a discrepancy can affect the calculated CI-A value because the CI-A 

value has a distinct relationship with mean radiances in MIPAS spectra. In this sec

tion, the impact of scattering on the calculated CI-A values is investigated using the 

multiple scattering FM2D cloud model.

4.6.2 FM 2d comparisons with RFM  for thin clouds

The 12 and 18 km MIPAS spectra used in the analysis above are simulated using 

the FM2D model th a t is set up identically to the RFM (see Table 4.6). A clear sky 

comparison test of the two models showed tha t all microwindow regions (except for 

H20_0002 and H20.0001) compared well with negligible difference between RFM and 

FM2d spectral output. For the two H2 O microwindows mentioned, a difference of less 

than 80 nW /(cm 2sr cm-1) occurs with RFM higher than FM2d and it is suspected 

th a t a H2 O continuum difference in these regions may be the factor causing this 

difference.

In order to investigate the impact of scattering on the cloud cases investigated 

here, the simulations of all microwindows are repeated using FM2d with a cloud setup 

similar to th a t used in the RFM simulations, for consistency within the experiments. 

The prim ary focus of this test is to  determine whether the simulations tha t include 

multiple scattering reproduce the real MIPAS spectra and the corresponding CI-A 

values. This can help to evaluate whether scattering influences are in fact relevant in 

the spectral region and clouds assumed here.

Activation of the scattering param eters in the FM2D atmosphere driver table 

allows scattering to be included in the radiative transfer equation for each tangent 

height calculation. The R# and IWC combination used here are based on some 

’’realistic” cloud scenarios used in Kerridge et al. [2004a] in which FM2D and other 

multiple scattering models were utilised for the purpose of simulating cloud radiances 

in the sub-millimetre and infrared spectral regions. First, a number of tests were 

performed to distinguish the range of radiance values in the cloud microwindows 

generated with different combinations of R# and IWC. In each test, the radiance in 

the microwindow of interest was simulated using a certain R# - IWC combination
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and only modified by changing either the R e  and keeping IWC constant or changing 

IWC and keeping the R# constant. The values of R e  tested covered a range of 5 to 

98 microns and for IWC a range of 0.00171 g/kg to 1.71 x 10- 5  g/kg and generally, 

it was found th a t the larger the particle size or the lower the IWC, the lower the 

radiances produced in the 1 2  micron region (in comparison to the real 1 2  km MIPAS 

cloud spectra used in section 4.4).

4 .6 .2 . 1  Cloud spectral sim ulations w ith FM 2 D

Figure 4.23 shows simulated FM2D spectra against the real MIPAS (CI-A =  1.49) 

and the RFM simulated spectra for the 12 km cloud used in this analysis. The cloud 

setup used in this case was for a n R £ and IWC combination of 25 microns and 0.00016 

g/kg respectively for the assumption th a t this is a “th in” cloud scene. The FM2D 

spectra shown are in good agreement with the real and RFM spectra particularly in 

terms of spectral line shapes and offsets. As the spectra show, the spectral lines in the 

real da ta  are reproduced well as well as the cloud induced offsets in the real MIPAS 

data. The CI-A values calculated from MW1 and MW2 for both models and the real 

da ta  are also in close agreement with each other. In order to test a range of CI-A 

values, the simulations for all microwindows were repeated using the same R e values 

with a reduction in the IWC values. The IWC range used spanned from 0.00016 g/kg 

to 1.6 xlO - 5  g /kg in order to produce a range of CI-A values representative of the real 

to clear sky conditions. The relationship between the FM2D CI-A and the FM2D 

spectra against the real MIPAS data  and RFM spectra, for all microwindows are 

shown in Figure 4.24. The mean FM2D radiance in each microwindow corresponds 

to the yellow diamonds, the real da ta  are the black diamonds and the green diamonds 

are indicative of the RFM radiances. Generally, there appears to be good agreement 

in all microwindows except for two H2 O microwindows which are known to have offset 

difference in the clear sky cases. The mean FM2D spectra follows the shape of the 

RFM curve well and bears a similar CI-A versus mean radiance relationship in the 

cloud microwindows. Similarly, the O3 microwindows show relatively good agreement 

in mean radiance for the CI-A values tested with the FM2D. Again, the discrepancies 

in the H20-0002 and H20-0001 are visible with the RFM mean radiances consistently 

higher than the FM2D.

The exercise was repeated for the 18 km case and the Figures 4.25 and 4.26 show
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the spectra and the CI-A versus mean radiance relationship are shown for real MIPAS 

data  (black), the RFM (red) and FM2D (purple) simulated spectra. In Figure 4.26 the 

FM2D mean radiances are shown in yellow and the RFM radiances in green against 

the real MIPAS mean radiances in each microwindow shown in black. The FM2D 

spectra were generated using an R E of 25 microns and an IWC of 0.0001 g/kg. The CI- 

A was calculated from the FM2D simulated spectra in the cloud microwindows using 

the methods explained earlier in this chapter. Generally, there is good agreement 

between the FM2D with the RFM and real 18 km MIPAS spectra used here (the 

same as the RFM spectra used earlier). There appears to be better agreement in 

region H20_0002 (compared to the 12 km case) indicating th a t this may be an issue 

with the H20  continuum implementation in FM2D however, the discrepancy in region 

H20.0022 still remains at 18 km. Overall, the spectral shape and offsets produced in 

the FM2D are similar to the real data and no particular indication of a wavelength 

dependency or scattering influence can be seen here. For region 0 3 —0001, the FM2D 

spectra are compared to the scaled RFM spectra and the results for this region show 

th a t the FM2D and scaled RFM are in good agreement, although both are still offset 

from the real MIPAS spectra.

For the CI-A values generated with the FM2D spectra, the CI-A versus mean 

radiance relationship has been reproduced adequately with the FM2D model. The 

model agrees particularly well in the cloud microwindows which is im portant as this is 

the region used operationally by the MIPAS L2 processor. Incorporation of scattering 

processes does not produce a different behaviour in these regions nor does it indicate 

an wavelength dependency over all spectral regions simulated, shown in the remaining 

figures, for the cloud case investigated.

The results of the FM2D simulations have shown th a t for thin cloud cases, and 

for the CI-A values investigated, the absorption only model (RFM) is sufficiently 

reproducing the real MIPAS spectra and is similar to the spectral behaviour of the 

scattering model (FM2D). In the spectral regions investigated, the scattering model 

did not produce any different behaviour over the wavenumber ranges investigated.

These results have shown tha t for the cloud scenarios investigated, the zero scat

tering and multiple scattering schemes are sufficiently able to reproduce real cloud 

spectra, for thin cloud scenarios with CI-A values ranging from 1.49 to clear sky
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values. However, this does depend on the cloud situation assumed for spectral simu

lations used here. An effective particle size of R e may be too large for these regions 

and a more detailed study may be required to determine the relationship between the 

CI-A values and the R#. Further investigation would entail simulating the spectra 

with different R e and constant IWC and perhaps further investigation of the R e - 

IWC combination required at lower CI-A values.

4.7 Definition of a cloud index for tropical H 2O 

and O3

The definition of a cloud index tha t is applicable for tropical MIPAS H2 O and O3 

retrievals depends on the accuracy and data quantity requirements. It is im portant 

to note th a t such methods are required to cloud filter operationally retrieved data as 

a way of removing cloud effects after processing. Clearly, a high cloud index thresh

old such as CI-A > 6  will screen the data efficiently although the quantity of data  

available for averaging will be compromised. For larger data-set requirements, such 

as for validation or seasonal analysis, a more relaxed CI-A threshold may be suitable 

meaning less data  are removed. In any case, the CI-A threshold is somewhat arbitrary 

and its definition will result in a trade-off between da ta  quantity and accuracy.

The accuracy requirements for both gases in the UTLS depends on the variations 

and the distributions of these gases in the UTLS. Both H20  and 0 3 concentrations 

display strong gradients in this region and the observed concentrations change rapidly 

over the few kilometres distance from the upper troposphere to the lower stratosphere. 

At 1 2  km, O3 concentrations may be less than 0.5 ppmv and at 18 km, typical 

concentrations may be in the range of 1 - 1.5 ppmv. At 18 km, H20  concentrations 

may vary by 2 or 3 ppmv especially in regions where dehydration is observed.

The analysis of cloud effects on MIPAS H20  and O3 performed in this chapter 

have dem onstrated tha t a CI-A threshold of 1.8 is too low to remove cloud corrupted 

H20  data  at 12 km and tha t the cloud threshold must be raised. Using the cloud 

deviations as an indicator of the systematic cloud effect combined with the effect 

of cloud on the random error, the CI-A threshold can be deduced for both gases 

for the two cloud altitudes investigated. For H20  and O3 at 18 km, and O 3 at 12 

km, no distinct systematic cloud effect can be deduced although the effect of cloud
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presence on the random error could be used as a guide as what an alternative and 

more stringent cloud index be.

The analysis a t 12 km showed tha t MIPAS H20  at 1 2  km suffers a distinctive 

systematic effect tha t increases the estimated clear sky systematic error from 13.5 % 

to almost 40 % for a cloud of CI-A =  1.8. To reduce the impact of cloud at H20  at 

12 km, several factors can be considered as a guide to selecting a more suitable CI-A 

such as:

1 . One approach would be to not allow the systematic error to exceed the clear 

sky estimated systematic error in which case a CI-A >  4.0 would be a suitable 

threshold. This is consistent with a simultaneous study carried out by G latthor 

et al. [2006] tha t found a CI-A threshold (>  4.0) is required to remove cloud 

corruption from MIPAS retrievals of O3 by the IMK processor.

2 . Alternatively, allowing a minimum  20 % systematic cloud error (indicated by 

the deviation of the 12 km H20  from the expected clear sky concentration) 

would correspond to a CI-A of 2 . 2  tha t results in an increase in the estimated 

clear sky systematic error of almost 1 0  %.

3. Another approach would be to compare the cloud affected MIPAS systematic 

and random errors to the systematic and random errors of pre-existing limb 

sounders such as HALOE and MLS that have measured upper tropospheric 

H20  (and O3 ) since the MIPAS instrument has been in operation. The allowed 

error due to cloud in accuracy and precision estimates of MIPAS should ideally 

be similar or better than those achieved by these instruments.

4.7.1 Cloud index thresholds for H 2 O and O3 at 1 2  and 18 

km

The error on the H20  at 12 km can be assumed to hold for all clouds tha t occur below 

the tropopause and combining this with the effect on the altitude above, the negative 

bias tha t is induced above the cloud altitude can also be taken into account. From the 

results of these investigations, it can be seen th a t a minimum 2 0  % systematic error 

due to cloud (below the tropopause) allows a 50 % negative deviation above the cloud 

altitude indicating, for example, th a t 15 km concentrations can be negatively biased
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by at least 50 %. This is clearly critical for interpretation of H20  concentrations in 

the TTL and such a bias can clearly be misinterpreted as a dehydration event in this 

region. For the real case investigated here, a CI-A threshold of 3.5 would increase 

the estimated MIPAS clear sky systematic error a t 1 2  and 15 km by less than 5  % 

and 10 %, respectively. W ith respect to the deviations in H20  at 18 km, a minimum 

CI-A value of 2.5 with removal of the cloud altitude only would be suitable and would 

allow a cloud error of less than 1 0  % to occur at these levels.

As a systematic cloud effect cannot be deduced for O 3 at 1 2  km the effect of cloud 

on the random retrieval error can be used as a guide. Considering th a t the retrievals 

of O 3  below the tropopause correspond to conditions of: a) cold tem peratures and b) 

low concentrations (of the order 0 . 0 1  ppmv)) and c) an estimated clear sky random 

error th a t is already quite large, a general cloud index threshold of 2.5 would remove 

possibly contaminated data  points and allow the random errors to remain within 

20 % of the expected clear sky errors. For 18 km the effect may be suggestive of 

a systematic effect, however the retrieval error also tends to increase and filtering 

under a CI-A value of 2.5 would potentially remove cloud affected data  and allow the 

random error to remain within 1 0  % of the expected clear sky case.

4.8 Summary

An analysis of the impact of clouds on MIPAS retrievals of H20  and O 3 was carried out 

using profiles retrieved by the ORM from simulated cloudy spectra. The cloud spectra 

were chosen to be representative of upper tropospheric and high altitude clouds tha t 

are usually observed in the tropics at altitudes near 12 and 18 km, respectively. From 

the analysis described above, the following conclusions can be made:

1. Based on the two situations examined here, and considering the effect of a 

12 and 18 km cloud on MIPAS H20  and 0 3 retrievals, the improved CI-A 

thresholds and the cloud errors tha t these indices remove are found to be: a) 

for a systematic bias at 1 2  km and 15 km of less than  1 0  % and 2 0  % respectively, 

a CI-A =  3.5 is most suitable for H2 0 , b) for H20  at 18 km, a CI-A threshold 

of 2.5 allows the systematic bias to remain within 5 % of expected clear sky, c) 

for 0 3 at 12 and 18 km, a CI-A threshold of 2.5 is most suitable and allows the
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impact on the retrieval error due to cloud presence to  remain within 2 0  % and 

1 0  % at 1 2  and 18 km respectively.

2 . The effect of a cloud on the retrieval errors is im portant for H20  and 0 3 at 12 

and 18 km, and most likely therefore at all altitudes, as the random retrieval 

error always increases with increased cloud influence.

3. We are limited in how we can interpret these results because the actual random 

retrieval error on a single profile can be larger than the systematic bias of the 

cloud. Therefore the total estimated error on a single profile is likely to change, 

certainly above the cloud threshold.

4. The analysis is further complicated by the current clear sky retrievals near 

the tropopause which often have large error and can be negatively biased (for 

example 0 3 at 15 km). Some caution must be used in interpreting the MIPAS 

H20  and O3 retrievals near the cold tropopause.

5. The cloud effects observed at 12 km for H20  and O 3  may be representative for 

all instances in which cloud occurs below the tropopause. However, clearly only 

one situation has been studied here.

6 . The random error increases in the presence of cloud and can potentially provide 

an indicator of cloud presence.

7. For some cases, we can determine the systematic effect of cloud, particularly for 

H20  at 12 km where a definite systematic effect is observable compared to the 

random errors. Cloud effects are large enough to increase the estimated clear 

sky to tal error of 15 % to 40 % for a cloud with a CI-A of 1.8.

8 . The results have shown tha t a cloud at one altitude often affects the retrieval at 

the altitude above even though this is nominally “clear-sky” . This aspect may 

be more im portant at the lower altitudes as a cloud at 1 2  km has considerably 

more influence on the 15 km retrieval than does the 18 km cloud on the 21 km 

retrieval. The atmospheric state at the altitude above the cloud in terms of 

tem perature and mixing ratio clearly plays a role as already noted above.

9. From the analysis of scattering effects at 12 and 18 km, the FM2D model ap

peared to agree well with the real MIPAS and RFM spectra and no definitive
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scattering impact (i.e increased offset or occurrence of absorption lines) on the 

spectra in the cloud and operational microwindows used for H20  and O 3 re

trievals could be deduced. The CI-A values and mean radiances produced in 

these cases were comparable to those observed in the MIPAS case.

10. An apparent wavelength dependency of cloud at 18 km was observed in the RFM 

and FM2D spectra. However, the origin of this offset still remains unclear.

11. Analysis of the CI-A and radiance relationship, in particular the radiances ob

served in the real data with clear sky CI-A values, tha t are higher than the 

clear sky radiances produced by the models, indicate th a t there always appears 

to be a particle contribution in the upper troposphere.
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C hapter 5

Com parisons o f tropical UTLS  

M IPA S L2 H2O and O3 w ith  

H ALO E and in situ  instrum ents

To assess the accuracy and quality of satellite retrieved products an inter-comparison 

must be performed by comparison of the satellite measurements (the validation in

strum ent) to some co-located independent measurements (the reference instrum ent). 

Ideally, for pure validation, measurements from an ideal instrum ent (representing the 

true atmosphere with no measurement error) would be perfectly coincident with the 

instrum ent to be validated. In reality, this is not possible as no such instrument 

exists and therefore such experiments must be performed using pre-existing satellite 

or in situ  instruments. Here, the emphasis is on validation of MIPAS H20  and O 3  

in the tropical UTLS, in the sense th a t MIPAS profiles are compared to independent 

sources to examine whether variability in the operationally retrieved concentrations 

are comparable those observed in other instruments. The “reference” instruments are 

those which can provide vertical profile information between approximately 215 mb 

and 50 mb.

Before comparisons of any satellite product can be performed a clear strategy for 

the validation is required as well as knowledge of the accuracy and precision of the 

reference instrument. In this chapter, an inter-comparison study of MIPAS UTLS 

H20  and O 3 is performed by comparing co-located MIPAS measurements with H20  

and O3 retrieved from the HALOE instrument and in situ measurements of H20
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and O 3 from radiosonde and ozone sonde measurements, respectively. So far, no 

explicit validation of MIPAS H2 O and O3 measurements in the tropical UTLS has 

been performed as most validation studies, even those during this thesis such as the 

study by Cortesi et al. [2007] concentrate primarily on stratospheric concentrations. A 

key focus will be the comparison of MIPAS H20  and 0 3 based on the operational and 

cloud-filtering strategy discussed in chapter four. The following sections describe the 

general inter-comparison methodology adopted in this study followed by a description 

of each inter-comparison experiment.

Inter-comparisons of MIPAS vertical profiles with an existing, well-established 

measurement source will firstly, produce a level of confidence for MIPAS showing 

th a t it is a characterised source of data  for scientific analysis in the tropical UTLS, 

and secondly, reveal any instrum ental or retrieval issues th a t should be taken into 

account when using MIPAS data. For the validation of an atmospheric remote-sensing 

instrum ent, single vertical profiles of target constituents are usually compared to 

those obtained by other instruments Ceccherini et al. [2003]. In order to quantify the 

same measurement by two different instruments, a coincidence criterion is required 

between the two instruments in terms of time and location. For example, if two remote 

sensing instruments measure ozone at a particular location, the measured profiles are 

expected to be identical. If the two instruments have different retrieval methods and 

are essentially two different types of instrument (i.e. one is a spectrometer and one 

is a radiometer), it is im portant tha t the random and systematic error sources are 

considered in each comparison. The correlative instrum ent itself will possess some 

degree of systematic and precision error and these should ideally be known before the 

quality and comparison of MIPAS systematic and precision errors can be assessed.

5.0.1 Previous inter-comparison of MIPAS L2 H2O and O3 

profiles

Previous validation results for MIPAS Level 2 data  products were obtained as part of 

the second workshop of Atmospheric Chemistry Validation of ENVISAT (ACVE-2) 

where nominal full resolution version 4.61 MIPAS data  were compared to coincident 

satellite, balloon and aircraft measurements. Bracher et al. [2004] compared MIPAS 

H20  and O 3 profiles to two occultation instruments (HALOE and SAGE II) for the
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period July 2002 to December 2002. Using a co-location criteria of 250 km and 

same day profiles the authors found tha t MIPAS H20  and 0 3 generally agreed well 

between 0.5 and 50 mb. Both MIPAS H20  and 0 3 were found to agree to within 

15 % of the correlative instruments with MIPAS displaying a positive bias for both 

gases in comparison to HALOE. For MIPAS and SAGE II, the comparisons showed 

th a t MIPAS possesses a positive bias for H2 0 . For both instrum ents the bias became 

larger at pressures below 50 mb (in the lower stratosphere and beyond).

Kerridge et al. [2004b] compared MIPAS Offline version 4.61 O 3  data  with the 

several limb sounding instruments including HALOE, SAGE II, ODIN and POAM 

satellite. At pressures below 50 mb, MIPAS O 3  compared well with all correlative 

instruments. The largest discrepancies were discovered to be in the tropics and polar 

latitudes at pressure levels above 50 mb (i.e. low altitudes) where MIPAS O 3  displayed 

an increasing positive bias (up to 25 %) at 100 mb. A positive bias in MIPAS O 3  

was also observed in the comparisons with ODIN-SMR O 3  where the MIPAS positive 

bias was observed from 30 mb and pressures above. The authors postulated that 

an increasing bias a t pressures above 1 0 0  mb is likely to be due to differences in co- 

location and cirrus presence in the tropics th a t affect retrievals in the UTLS region.

MIPAS H20  was also compared to in situ balloon and aircraft instruments by 

Oelhaf et al. [2004] and Pappalardo et al. [2004] who found th a t MIPAS H20  often 

possessed a low bias in comparison to lidar and aircraft measurements particularly 

in the lower stratosphere. However, none of the comparisons were carried out in the 

tropics.

During the work on this thesis, further, more comprehensive studies have been 

performed for MIPAS 0 3 data  [Cortesi et al., 2007] and indeed some of the work 

performed here has contributed to this study. Some co-locations of MIPAS with lidar 

and ECM W F assimilated data  was obtained at tropical latitudes and presented in this 

study. Generally it was found tha t the variability of MIPAS data  increased below 20 

km and th a t the largest differences between MIPAS and correlative instruments was 

observed near the tropical tropopause. These features were attributed to undetected 

cirrus clouds in MIPAS 0 3 data  although this was not proven. These factors are those 

being investigated in this thesis.
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5.0.2 Intercomparison methodologies

The purpose of an inter-comparison study is ideally to dem onstrate th a t the product 

to be validated agrees with correlative measurements to within their known limi

tations. For a meaningful comparison of retrieved quantities, a particular strategy 

must be adopted; the observing systems should both retrieve the same target quan

tity, x, th a t have the same units, thus measurements must be in mixing ratios or 

concentrations. The quantity to be validated and the reference measurement must 

be represented on the same vertical grid, i.e. kilometres (km) or pressure (mb). If 

the inter-comparison is performed with a quantity represented on a finer grid than 

the validation measurement retrieval grid, the averaging kernels of the validation in

strum ent should be considered. It is therefore im portant to compare the theoretical 

capabilities of the observing system in the form of a) averaging kernels (this takes 

into account the altitude resolution and vertical range of the retrievals) and b) the 

retrieval noise covariance (characterises the accuracy and precision of the retrieval) 

[Rodgers and Conner, 2003].

In the case where the vertical resolution of the reference profile is significantly 

finer than  th a t of the validation profile, the profiles cannot be directly compared 

and the reference profile must be smoothed to match the vertical resolution of the 

validation instrument. This is the approach th a t is adopted here in comparing the 

lower resolution MIPAS data  to higher resolution ozone sonde and radiosonde profiles. 

Making the assumption th a t the reference profile, in this case, is considered to be 

a representation of the “true” atmospheric state, the profile can be smoothed so 

it corresponds to the true profile as observed by the validation instrument. This 

accounts for the different retrieval grids and vertical resolution of the two instruments 

and as a result, the degraded or smoothed profile can be directly compared with the 

validation profile. In order to make this comparison, the averaging kernel matrix 

(AKM) of the validation instrument is to be applied to the reference profile as the 

AKM describes how the observing system modifies the true state  of the atmosphere. 

In the case when two profiles from two different satellite instruments, with different 

vertical resolutions are inter-compared, then the averaging kernels of both instrument 

must be applied to the opposite instrument. However, in practise, this case could be 

quite complicated to interpret.

Recall from chapter two th a t the averaging kernel m atrix A  is described as:
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where x  is the retrieved quantity and x G is some generic atmospheric state. In a 

realistic case where random and systematic errors are present in the measured signal 

and the instrum ent’s forward model, the retrieved profile can be connected to the 

true atmospheric state by:

x  -  x G =  A (x  -  x D) +  Sx (5.2)

Given th a t x G can be represented by a high resolution measurement, and x a is the 

a priori profile used to generate the averaging kernels of the low vertical resolution 

satellite, then the smoothed version of the high resolution profile is x s is given by:

x s =  x 0 4- A (x c -  Xa) (5.3)

Using this equation, x s describes how the high resolution or true atmosphere would 

be perceived by the low resolution satellite [Ceccherini, 2006].

Ceccherini et al. [2003] describe a sophisticated and complex method to assess two 

collocated measurements by analysing the functional space of both measurements. 

The authors found th a t a comparison of two profiles within an intersection space can 

be a useful comparison tha t does not involving degrading the measurements in any 

way. However, this method is difficult to visualise and interpret, in which case it 

is more convenient to compare the retrieved quantities and their associated errors 

from two instruments. Some parameters th a t can be used more conveniently for 

inter-comparison of satellite retrieved quantities are listed below.

5.0.2.1 A c c u ra c y , bias a n d  p re c is io n  d e te r m in a t io n

For accuracy, bias and precision determination in pairs of co-incident profiles, von 

Clarmann [2006] outlines several methods th a t can be used. For bias determination, 

a statistical ensemble of matched profiles is usually required. The mean difference 

between the validation and reference datasets can be compared with the statistical 

uncertainty so th a t the bias of the validation dataset (in the comparisons performed 

here, MIPAS is the validation instrument) can be found.



For each profile, the bias in percentage terms, is determined by calculating the 

relative difference (RD) of the validation to the reference measurement, calculated 

by:

R D  = (Xval. Xref) * 100 (5.4)
X r e f

The results of the individual matched profiles can be collated into mean profiles for 

each instruments to indicate the overall behaviour of the validation instrument against 

the correlative measurements. In this case, the mean relative difference (MRD) and 

the root-mean-square (or standard deviation) of the matched profiles is calculated 

using Equations 5.5 and 5.6 respectively:

M R D  =  <  X val -  X r e f  >  % ^  ^ ^

<C X r e j

a = ( x v a ,  Xre/ ) 2 ^ 100 (5 6 )

X re f

The MRD can be compared to the combined random and the combined systematic 

errors of the validation and reference instruments. The to tal error of each instrument 

can be found by root-sum-square of the systematic and random errors for each instru

ment (Equation 5.7). Similarly the combined errors of the validation and reference 

instrum ent can be found using Equation 5.8. By comparing the standard deviation 

of the MRD to the combined random error, the precision of the validation instru

ment can be evaluated. Similarly, comparing the MRD of all profiles to the combined 

systematic errors will indicate a bias tha t is not fully accounted for by the current 

estim ated systematic errors.

£ Total — y  (Z-random)^ (&sy s te m a t ic )^  (^ •^ )

£ Combined  — \ J (^ va lida tion)^  "E (^ re fe ren ce )^  ( ^ ‘^ )

5.1 Inter-comparison strategy

The inter-comparison studies carried out in this analysis was conducted against mea

surements from three independent instruments. Firstly, both MIPAS L2 H2 O and O 3
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profiles were compared to the solar occultation instrum ent, HALOE. Secondly, MI

PAS H2 O profiles were compared to in situ H2 O profiles obtained from radiosondes in 

the tropics and similarly, MIPAS O 3  profiles were compared to O 3  profiles obtained 

from tropical in situ  ozone sonde measurements. These instrum ents were chosen so 

th a t the accuracy of MIPAS H20  and O 3  profiles could be assessed against a retrieved 

product from a long-running and established satellite dataset and with measurements 

from in situ  instruments tha t are thought to be more accurate and possess smaller 

errors relative to satellite measurements. All inter-comparison experiments were car

ried out between 30°N and 30°S from July 2002 to March 2004. This provides a to tal 

of 20 months worth of full resolution nominal MIPAS data.

5.1.1 Coincidence criteria

As shown in the sections above, the validation of concentration profiles retrieved from 

satellite instruments require a time and location limit within which the data from the 

validation and reference measurements can be matched. Clearly the criteria for the 

profile matches depends on the species being validated as a highly variable trace gas 

species would require a stringent matching criteria whereas a gas th a t is relatively well 

mixed and does not vary significantly with location would be sufficiently validated 

with a more relaxed criterion.

In this analysis, a baseline coincidence criteria of matching the validation mea

surement to the reference measurement in time and space such as ±  300 km and ±  3 

hours would have been preferable particularly for consistency with the criterion used 

for the general validation of MIPAS L2 products [Cortesi et al., 2007; Ridolfi et al., 

2007]. However, as a statistically sufficient number of profiles and often no matches 

in the tropics were obtained using this criterion, the baseline criteria was allowed to 

increase to a maximum criterion of ±  600 km and ±  6  hours.

5.1.2 Analysis of results

MIPAS profiles retrieved by the offline 4.61 and 4.62 L2 processors are compared to 

profiles from three correlative instruments. The time, date, latitude and longitude 

information for MIPAS and each correlative data-set were extracted and matching 

profiles existed within each coincidence criteria were selected. For each MIPAS profile
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and the correlative profiles, the VMR concentration profile and corresponding random 

retrieval error, the time and geolocation information, and quality flags (the quality 

indicator and the convergence flag) were obtained. The corresponding cloud index 

information for the MIPAS profiles was also extracted for each MIPAS profile, if 

available. All analysis are performed on those MIPAS profiles th a t satisfy the good 

quality flags and th a t have a concentration value a t all or some tangent heights 

between 12 km and 40 km. In L2 MIPAS data, some VMR concentrations of lxlO - 1 0  

ppmv are observed within the profiles. These are clearly the result of a retrieval 

instability although explicit causes have not been identified so far. If such values 

occur in any of the selected MIPAS profiles they are removed from the profile and 

treated as bad data.

This analysis focusses on determining the bias between MIPAS and the correla

tive instruments. The vertical coordinate was chosen to be pressure as the tangent 

altitudes of MIPAS have been reported to contain a bias (see chapter three). Before 

calculations are performed on the data, all profiles must be represented on a com

mon grid therefore, all MIPAS and correlative profiles are interpolated on to a mean 

MIPAS pressure grid. For each profile, the RD, MRD and root-mean-square of the 

MRD are calculated using Equations 5.4, 5.5 and 5.6. By comparing the MRD to the 

combined systematic error of the two instruments, any unexplained biases in MIPAS 

measurements can be identified and scattering of the standard deviation of the MRD 

compared to the combined random error, will allow MIPAS precision to be validated.

For each MIPAS profile used in these analyses, the corresponding L2 variance 

covariance m atrix (VCM) is obtained simultaneously from the ESC L2 data tha t 

provides the random error of the MIPAS profile (by root-mean-square of the VCM). 

If the precision error for each reference profile is provided in the reference dataset, it 

is “root-sum-squared” with the MIPAS precision to provide the estimated combined 

precision. All components of the MIPAS systematic error, except the pT covariance, 

are taken from climatological estimates by the University of Oxford tha t were shown in 

chapter three. It has been found th a t the estimated pT component in the systematic 

error estimates exhibited random variability when averaged over several orbits over 

long time-scales and contributes to the standard deviation of the profiles rather than 

a systematic bias as stated in Cortesi et al. [2007]. For this reason, the pT error is 

root-sum-squared with the L2 random error and the systematic error is calculated as
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the sum of all systematic contributors minus the MIPAS pT component.

5.1.2.1 Application of MIPAS averaging kernels

For the high resolution profiles used for comparison to MIPAS products, the profiles 

are convolved with the MIPAS tropical averaging kernels in accordance with Equation 

5.3, where the ozone sonde profile is assumed to be a true representation of the real 

atmosphere.

Ceccherini [2004] states tha t there is negligible difference in the averaging kernels 

calculated for the global and seasonal scenarios therefore, only MIPAS averaging 

kernels th a t correspond to a mid-latitude 45° case in April are provided by the IFAC 

MIPAS retrieval team. However, to be conservative the tropical MIPAS averaging 

kernels, th a t were calculated by S. Ceccherini [pers. comm], are applied to the high 

resolution profiles as they are more representative for MIPAS tropical measurements. 

Equation 5.3 is applied to the high resolution sonde profile in order to obtain xa, 

th a t is the new low resolution sonde profile, represented at the 17 pressure levels 

corresponding to MIPAS tangent measurements. The new sonde profile represents 

what the high resolution instrument would ‘see’ if it were to observe ozone using the 

same vertical resolution and retrieval characteristics th a t MIPAS uses.

5.1.2.2 A pplication of tropical cloud detection schemes for M IPAS H 20  

profiles

The intercomparison analysis is performed on the operational MIPAS H20  and O3 

profiles and is then repeated using a more stringent cloud filtering scheme by raising 

the cloud index threshold to several representative values selected in chapter four and 

a “clear sky” CI-A threshold of 6.0. This test is performed to: 1) examine whether 

a higher CI-A threshold for tropical cloud detection reduces the systematic bias ob

served in H20  profiles and 2) eliminate the profiles th a t are expected to have high 

random retrieval error due to operationally undetected cloud. Several authors, includ

ing Kerridge et al. [2004b], and more recently Cortesi et al. [2007] have postulated 

th a t the reason for increased variability of tropical MIPAS data  near the tropopause 

may be attributed  to undetected cloud effects. Note th a t using “extra” cloud filtering 

will result in a loss of da ta  points and therefore the mean profiles will be based on less 

data  points at some altitudes. The CI-A values chosen for extra cloud filtering are
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2.5, 3.5, 4.0 and 6.0. In the following sections, some examples of collocated profiles 

with operational cloud filtering will be presented. This is then followed by a compar

ison of the operational data  to the data is cloud filtered with the new schemes. The 

impact of removing the data above the cloud, in relation to the cloud affects on the 

retrieved values above the cloudy tangent height is also examined. Where indicated, 

cloud filtering with removal of the cloud altitude and the altitudes below is termed 

‘sbl* whereas removal of the altitude above the cloud, the altitudes, the cloud altitude 

and all altitudes below is termed ‘sab’.

The effect of increased cloud filtering is examined following application to the 

statistically larger dataset. This is done so tha t the impact of removing cloudy data  

points can be examined from a large enough dataset.

5.2 Inter-comparison of MIPAS H 2 O and O3 with  

HALOE

Several solar occultation instruments have made global observations in the same time 

period as MIPAS full resolution measurements. One such instrum ent is the HALOE 

instrum ent th a t is a solar occultation infrared radiometer using the sun as a back

ground source when measuring atmospheric absorption. Cloud cleared H20  and O3 

version 19 HALOE d ata  are readily available from NASA and can be downloaded from 

www.haloedata.larc.nasa.gov/hom e/. Solar occultation measurements such as those 

made by HALOE are expected to be more accurate than  limb emission measurements 

because of the high signal to noise ratio provided by the solar radiation background. 

As shown in chapter one, HALOE measurements have been used by several authors 

for analysis of the tropical UTLS [Randel et al., 2001; Gettelm an et al., 2004b] and 

can be thought of as a source of climatological H20  and O 3  data. The HALOE in

strum ent was switched off in 2005, therefore establishing an intercomparison between 

HALOE and MIPAS might be useful for continuing the 15 year record established by 

HALOE.
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5.2.1 The Halogen Occultation Experiment

The HALOE instrum ent operated from September 1991 to November 2005 on-board 

the Upper Atmospheric Research Satellite (UARS). The UARS is in a circular orbit, 

inclined a t a 57° angle a t 585 km above the Earths surface. A full latitudinal range 

of 80 °N to 80 °S is achieved in one year by a slow drifting orbit th a t covers narrow 

latitude bands of a few degrees with complete 360° longitude coverage (See Figure 

5.1). The instrum ent uses broadband (for 0 3 and H2 0 )  and gas filter radiometry to 

measure the absorption of solar radiation by the atmosphere during a sunrise and 

sunset ev en t in infrared channels covering a range of 2.45 pm  to 10.04 pm  [Russell 

et al., 1993]. During each profile measurement, the solar disk is scanned with an 8  

Hz sampling rate through an instantaneous field of view (IFOV) of 1.6 km with an 

effective vertical resolution of 2.5 km in which da ta  are oversampled onto a 0.3 km 

vertical grid. A single profile measurement is obtained by scanning the solar disk from 

approximately 15 km to  60 - 130 km with H20  and 0 3 measurements obtained from 

the 6 . 6  pm  and 9.6 p m channels, respectively. Additionally, aerosol is also measured in 

five channels th a t is used in the HALOE data  processing for HALOE cloud detection. 

The HALOE retrieval algorithm first converts the solar measurements into altitude- 

sorted and geolocated transmission spectra and then performs a sequential retrieval 

of pressure and tem perature, followed by NO, O 3 ,  H20  and its remaining target 

gases (hydrogen chloride (HC1), hydrogen fluoride (HF), methane (CH4 ) and nitrogen 

dioxide (N 0 2)). The gas correlation measurements are modelled using a line-by-line 

forward model called LINEPAK and the broadband measurements are modelled using 

a BANDPAK routine [Russell et al., 1993]. The HALOE retrieval is performed using 

a modified onion peeling method tha t assumes no a priori profile. The retrieval code 

uses National Centre for Environmental Prediction (NCEP) auxiliary data and O 3  

and gas spectroscopic information from the HITRAN 1991- 1992 database [Bruhl 

et al., 1996].

5.2.2 Sources of errors in HALOE data

HALOE O3 and H20  measurements have been extensively validated, as described by 

[Bruhl et al., 1996] and [Harries et al., 1996] respectively, for the results obtained 

with version 17 of the retrieval software. Although version 19 HALOE processing has

155



Locations of HALOE Events on ll-MAY-2005

Figure 5.1: Example of HALOE sunset and sunrise events in a single UARS orbit. 
Source: www.haloedata.larc.nasa.gov/home/

included some changes since version 17 was released, mostly due to the addition of the 

cloud clearing scheme devised by [Hervig and McHugh, 1999], the estimated random 

and systematic errors are expected to be broadly similar for both versions of the data. 

The sources of error that can affect HALOE retrievals of O3 and H2O are discussed 

below. The cloud detection that has been implemented is based on characterisation 

of the extinction observed in four of the HALOE channels (over the 2.45 //m to 5.26 

fim  range), measured by gas radiometry, for the identification of cirrus clouds [Hervig 

and McHugh, 1999]. The aerosol extinctions that are higher than some threshold 

indicate cloud presence in the HALOE data.

Bruhl et al. [1996] describe the error estimation procedure and present O3 random 

and systematic estimates at specific pressure levels. The errors are calculated by 

simulating 0 3 signal profiles calculated by a forward model using realistic 0 3, H20 , 

temperature and pressure and perturbing this signal profile to simulate the effects of 

particular error sources. Comparing these to the original unperturbed signal allows an 

estimate for the errors to be determined. The total error estimates for HALOE O3 are 

shown in Table 5.1. For O3 , the total (root-sum-square) error is largest (95 %) at 0.01 

mb with the greatest contribution coming from instrument noise. Interference from 

H20  and aerosol affect the 0 3 channel adding to the random and systematic errors 

in HALOE O3 profiles. The total error is found to be lowest near 0.4 to 1 mb and 

gradually increases at 100 mb (30 %) with the largest increase in the systematic error
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component (due to deviations in the forward model and discrepancies/uncertainties 

in the registration altitude).

Error
param eter

0 . 0 1

mb
0.04
mb

0 . 1

mb
0.4
mb

1 mb 4 mb 1 0

mb
40
mb

1 0 0

mb
Instrum ent
noise

95 51 8 3 2 1 0 0 0

Pointing
angle

0 0 1 1 2 4 5 7 1 1

H20  ran
dom error

0 1 2 2 3 1 0 0 0

Aerosol 0 0 0 0 2 1 0 0 0

Forward
model

1 2 4 4 5 5 7 9 15

Registration
altitude

9 5 3 2 4 5 6 1 1 2 0

Aerosol 0 0 0 0 1 3 4 6 1 0

H20  bias 0 0 1 1 2 2 3 5 9
Total 95 51 1 1 6 8 9 1 2 18 30

Table 5.1: Total error estimates for HALOE O 3 in percent. Source: Bruhl et al. [1996]

Harries et al. [1996] used a similar method for the estimation of HALOE H20  

error. The primary source of random errors are from detector noise and errors in the 

instrum ent pointing, in addition to tracker jitte r and the measurement uncertainty 

caused by the presence of sunspots. The systematic error sources are mainly due 

to discrepancies in the forward model such as interfering gases and spectral line 

parameters, and other components such as pointing and response functions. In the 

troposphere, pointing uncertainty is the largest contributor to random error mostly 

in cloud or aerosol dominated regions. The to tal error estimates for H20  is as high 

as 98 % at 0.01 mb with the highest contribution from the instrum ent and tracker 

noise (random components) and the lowest deviations are near 1 to 4 mb with total 

error budget as low as 14 %. H20  retrieval uncertainties arise from aerosol and CH4 

interference which affect both random and systematic errors, however an additional 

systematic error source is due to 0 2 continuum affecting the band intensity by 5 %. 

The H20  error estimates for HALOE are shown in Table 5.2.

In general, significant systematic errors below 50 km are due to uncertainties in 

the retrieval algorithms forward model in particular, spectral line parameters and 

approximations, and the instrum ents altitude registration. Pointing errors increase
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Error
param eter

0 . 0 1

mb
0.04
mb

0 . 1

mb
0.4
mb

1 mb 4 mb 1 0

mb
40
mb

1 0 0

mb
Instrum ent
noise

40 1 1 8 6 4 2 0 0 0

Tracker
noise

89 23 18 14 8 5 5 13 13

CH4 ran
dom error

2 2 3 4 3 2 2 1 1

Aerosol 0 0 0 0 0 4 6 6 3
Forward
model

1 2 4 4 5 5 7 8 1 0

Registration
altitude

3 3 3 2 2 4 6 1 0 14

Aerosol 0 0 0 0 1 3 6 8 1 0

c h 4 1 1 2 3 3 4 3 2 2

0 2 contin
uum

0 0 0 0 1 2 4 7 1 0

H20  line 
param eter

8 8 8 8 8 8 8 8 8

Total 98 27 2 2 19 14 14 17 24 27

Table 5.2: Total error estimates for HALOE H20  in percent. Source: Harries et al. 
[1996]

rapidly in the lower stratosphere and below where cloud and aerosol interference 

s tart to dominate. At pressures above 100 mb, cloud corruption can cause large 

uncertainties in the HALOE H20  and O3 measurements. At 100 mb the fact tha t the 

instrum ent has difficulty in tracking the solar disk efficiently is also a large contributor 

to the increased uncertainty in this region. Overall, from the validation studies, 

HALOE version 17 H20  and O3 data were found to agree well within the errors 

associated with comparative sources. For O3 in particular, the uncertainty of the 

HALOE profiles is expected to increase a t lower altitudes due to the lack of signal at 

lower altitudes.

5 .2 . 3  MIPAS H 2 O and O3 offline data comparisons with HALOE  

H 2 O and O3

Level 2 MIPAS vertical profiles of H20  and 0 3 retrieved by the version 4.61 and 4.62 

offline processor are compared to HALOE Version 19 H20  and O 3 vertical profiles.

In this section, although the HALOE data  in version 19 is represented on a 0.3
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km vertical grid (due to over sampling), the actual vertical resolution of HALOE is 

between 2  and 3 km. As this vertical resolution is comparable to tha t of MIPAS, no 

MIPAS averaging kernels are applied to the HALOE profiles.

5 .2 .3.1 Coincidence criteria

All MIPAS and HALOE profiles compared in this analysis satisfy the coincidence 

criterion of distance and time differences between MIPAS and HALOE profile of 

less than 600 km and 6  hours. Ideally, the profile matching procedure should be 

carried out using more stringent criteria such as 300 km and 3 hour location and 

time difference. However, no matching profiles were obtained at tropical latitudes 

using this criteria hence the relaxation of the coincidence criterion. The total number 

of tropical matches obtained between MIPAS and HALOE for H2 O and O3 in each 

criteria are presented in table 5.3.

Year Month No. of H20  
profiles

No of O 3  pro
files

2 0 0 2 November 24 24
2003 February 6 6 70
2003 March 35 35
2003 April 1 1 1 1

2003 May 3 3
2003 June 23 23
2003 July 7 7
2003 August 87 63
2003 September 15 15
2003 October 17 17
2003 December 8 8

2004 January 2 2 26
2 0 0 2 -
2004

TOTAL 328 302

Table 5.3: Number of matches found between July 2002 and March 2004 for the 
chosen criteria.

For an indication of the locations of the matched profiles, the latitude and longi

tudes of the matched profiles are shown in Figure 5.2 corresponding to criteria of 600 

km and 6  hours. The red diamonds represent HALOE and blue diamonds represent 

MIPAS measurements. As the figure shows, within this criteria, the latitude and 

longitude positions of the matched profiles do not vary largely between each profile
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match and a large representation of most tropical latitudes has been achieved.

- «  HALOE 3 0 ^ A N -2004 , a t "  7-06. - a . i g  . - 1 0 1 .0 3 0 .  M.PAS 3 0 - J W - 2 0 0 4  0 5 : ^ 5 2 . - 1 4  4 6 ^ - 1 0 2 . 6 0 2

-u. -  -J, i j  S i "  ’ , 'u

Figure 5.2: Locations of matched HALOE and MIPAS profiles 

5 .2 .3 . 2  R esu lts  o f  H 20  in ter-co m p a riso n s

Examples of collocated operationally filtered MIPAS (black) and HALOE (red) H2 O 

profiles are shown in Figures 5.3(a) to 5.3(f). The left hand side of each figure shows 

the mean profiles with the mean climatological profiles and the right hand side of 

each figure shows the deviation of the RD between -100% and 100% against the 

combined random and systematic errors. If the RD is off the scale it means that the 

RD between the two profiles is larger than 100%. The single MIPAS and HALOE 

profile matches agree relatively well around 40 mb and in the region around the TTL 

at pressures above 80 mb, the deviations between MIPAS and HALOE profiles tends 

to become larger. The combined precision and combined systematic errors are also 

shown to examine whether the differences between the two profiles are contained 

within the expected systematic and random errors of both instruments. MIPAS data 

often display random errors exceeding 50 % in the TTL region some of which could 

be related to cloud effects. In some of the of the profiles shown, the RD is well within 

the combined precision and systematic error estimates.
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I
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(c)

(d) (e) (f)

Figure 5.3: Examples of matched MIPAS and HALOE H2 O profiles. The profiles 
show good agreement at pressures close to 150 mb and above however there are 
some anomalous data points in some of the MIPAS profiles (Figure 5.3(e)) that could 
possibly be cloud related.
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5 .2 .3 .3  Mean profiles

Figure 5.4 displays an ensemble of all matched profiles and the mean MIPAS and 

HALOE profiles obtained in criteria 2. What is immediately evident from the ensem

ble profiles is that the MIPAS H2O profiles appear to be much more variable than 

HALOE H20  with some MIPAS profiles exhibiting concentrations between 0.5 ppmv 

and approximately 1 2  ppmv at 80 mb, that is almost a factor of two larger than the 

observed maximum HALOE H20  concentration in this dataset.

ALL MIPAS and  HALOE V19 H 20: Year02-03-04 Month Jan-D ee

IN T E R -C O M PA R ISO N  CRITERIA A T. 6  h r s  <Sc A D is t .  6 0 0  k m

. Al 1 MIPAS -

Figure 5.4: Ensemble of operational cloud filtered MIPAS H20  profiles compared to 
HALOE H20 . The HALOE profiles do not appear to exhibit as much variability as 
the MIPAS profiles and are distinctively shifted towards lower concentrations in the 
UTLS region.

In Figures 5 .5 (a) to 5.5(f), MIPAS versus HALOE H20  are shown for the oper

ational and tropical cloud filtering schemes. The details about each figure are given 

in the legend below each plot and the general order is that on the left-hand side 

of each figure, the mean equatorial climatology (dash-dot blue line) from the MIPAS 

standard atmosphere [Remedios et al., 2007] are plotted with the mean HALOE (red)

162



and MIPAS (black) profiles. On the right-hand-side, the MRD (between -100% and 

100 %) and the standard deviation of the MRD are plotted against the combined 

random and systematic errors.

Comparison of the profiles show that the deviation between operational cloud 

filtered MIPAS and HALOE H20  increases greatly below 50 mb with HALOE consis

tently lower than mean MIPAS profiles in this region and this difference continuously 

increasing with decreasing height. The mean climatological profile tends to be closer 

to the behaviour exhibited by the mean HALOE profiles rather than the MIPAS pro

files. The MRD in comparison to the combined systematic and precision and shows 

tha t the behaviour exhibited by MIPAS relative to HALOE is consistent within the 

combined precision and systematic error estimates of both instruments. The standard 

deviation of the mean relative difference tends to 1 0 0  % at a pressure near 80 mb in

dicating tha t the retrieved MIPAS concentrations become more variable in the UTLS 

region.

CI-A MRD at 
2 1 1  mb

MRD at 
134 mb

MRD at 80 
mb

MRD at 49 
mb

1 . 8 210.2 (52) 56.2 (134) 20.4 (223) 9.3 (288)
2.5 sbl 202.1 (48) 55.5 (128) 20.8 (214) 9.3 (285)
2.5 sab 173.4 (39) 41.4 (85) 22.6 (140) 9.7 (231)
3.5 sbl 160.4 (42) 43.3 (119) 20.6 (204) 9.4 (282)
3.5 sab 165.8 (30) 43.1 (77) 22.6 (132) 9.9 (218)
4.0 sbl 168.6 (40) 44.3 (113) 19.42 (200) 9.4 (281)
4.0 sab 155.2 (20) 31.2 (69) 21.3 (69) 9.8 (214)
6 . 0  sbl 34.7 (2) 23.1 (54) 20.7 (166) 9.5 (277)

Table 5.4: Summary of MIPAS and HALOE H20  comparison with varying cloud 
filters. The numbers in brackets next to each MRD represents the number of points 
in each comparison.

The results of each MIPAS and HALOE H20  comparison carried out in this 

analysis are summarised in Table 5.4. The table shows the MRD for each cloud 

filtering case, at each tangent altitude between 215 and 50 mb. The number of points 

are highlighted in brackets with each MRD. For the varying cloud filtering schemes, 

the most obvious factor is that the MRD reduces quite significantly around 200 mb 

when using a cloud filtering scheme other than the operational filter. Certainly the 

MRD is smaller when using a CI-A threshold of 3.5. A threshold of 2.5 with removal 

of the altitude above the cloud makes a difference at approximately 134 mb and at
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Figure 5.5: Mean MIPAS versus. HALOE H20  profiles with varying cloud filtering 
schemes. The blue dash-dot line in the left hand side of all figures is the equatorial 
climatological profile. In some cases, the MRD exceeds 100% (refer to Table 5.4 for 
values). The mean profiles in all cases agree to within 20 % and more above 80 mb 
and does not change with increased cloud filtering. The most significant effect of the 
cloud filtering is observed at lower pressures as is expected.
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altitudes above there does not appear to be any change in the MRD between the 

two instruments. Close to 80 and 50 mb, MIPAS H2 O tends to remain within 20 % 

of HALOE measurements for all cloud filtering cases and within 10 % of HALOE 

measurements at 50 mb. These results suggest that the cloud filtering does not need 

to be as stringent at pressures below 80 mb but certainly, for H2 0 , increasing the 

CI-A reduces the bias between the two instruments. The RD versus the longitude of 

all matched profiles are shown in Figure 5.6. Details about the figures are given in the 

figure caption and it can be noted here that larger RD values (the highest observed 

RD is more than 1000 %) are observed at lower tangent heights, as expected, and 

that no longitudinal dependence can be observed in this cases. Further discussion of 

these results, in addition to the results for MIPAS O3 will follow in a later section.

T a n g e n t  A l t i t u d e T a n g e n t  A l t i t u d e
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Figure 5.6: Longitudinal variation of RD between MIPAS and HALOE O3 from tan
gent heights 11 (approximately 50 mb) to tangent height 14 (close to 215 mb). Note 
the largest differences between the two instruments occurs close to the tropopause 
(close to 120 mb - tangent height 13). Differences are less than 60 % at tangent height 
11 (close to 50 mb) but increase at lower altitudes.
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5 .2 .3.4 Results o f Os inter-com parisons

Examples of single matched MIPAS and HALOE O 3 profiles are shown in Figures 

5.7(a) to 5.7(f). The figures shown are similar to the H20  figures with the HALOE, 

MIPAS and mean reference climatological profiles on the left hand side of the figure 

and the RD between -100% and 100% shown in each figure. If the RD is off the 

scale it means thats the RD between the two profiles is larger than 100 %. It is clear 

th a t the profiles agree well at pressures lower than 50 mb and tha t more variability 

is observed at lower altitudes in the UTLS region. Quite often, the RD is outside of 

the combined precision and systematic errors.

5 .2 .3.5 M ean profiles

An ensemble of the operationally cloud filtered MIPAS and HALOE O3 profiles are 

shown in figure 5.8. In the ensemble plot of all matched profiles used in this analysis, 

the HALOE profiles clearly tend to be shifted toward lower O3 concentrations and do 

not appear to vary as much as the MIPAS concentrations at least at 80 and 146 mb.

For the mean profiles obtained under fulfilment of the chosen criteria, the oper

ationally and additionally cloud filtered results are shown in Figures 5.9(a) to 5.9(f) 

with the equatorial mean climatological profile (blue dash-dot line). The difference 

between MIPAS and HALOE O 3 in the UTLS region is evident from the operationally 

cloud filtered case with MIPAS systematically larger than HALOE throughout the 

whole region. The application of increased cloud filtering does not reduce the bias a 

dramatically. However, the application of the tropical cloud filtering schemes appear 

to be allow closer agreement with HALOE at 216 mb for CI-A thresholds above 2.5 

(with altitude above removed). There appears to be very little difference close to 

135 mb for each cloud filtering scheme. At 83 mb, the application of a CI-A threshold 

of 2.5 appears to improve the agreement between MIPAS and HALOE but at higher 

altitudes, there is little impact from the cloud filtering schemes. This is expected 

as at such altitudes, cloud effects are expected to be negligible. The results of each 

MIPAS and HALOE 0 3 for both criteria are summarised in Table 5.5.

The variation of RD across longitude for all matched profiles are shown in Figure 

5.10. Details about the figures are given in the figure caption and here, it can be noted 

here tha t large RD values (as high as 10000 %) are observed at tangent heights 12,
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Figure 5.7: Examples of matched MIPAS and HALOE 0 3 profiles. In nearly all 
profiles, MIPAS is consistently larger than HALOE that tends to small concentrations 
(< 0 . 0 0 1  ppmv) in some cases.
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Figure 5.8: Ensemble of operationally filtered MIPAS and HALOE 0 3 matched pro
files. Similar to the case for H2 O the MIPAS profiles exhibit larger concentrations 
compared to the HALOE, consistently between 215 and 40 mb.

13 and 14, as expected, and that no obvious longitudinal dependence can be observed 

in this case, although the MIPAS data over the western longitudes that has larger 

RD values compared to the eastern longitudes may be perhaps be suggestive of some 
dependence at lower altitudes.

5.2.4 D iscussion

In general, operational MIPAS H20  and 0 3 are systematically larger than HALOE 
in the UTLS region. This is evident from all cases investigated. For H20 , the MRD 

remains within the expected combined precision and systematic error estimates in 

the operational case above at and below 80 mb, however above 80 mb, the MRD 

in relation to the errors cannot be assessed as no HALOE error values are available 

above 100 mb. The impact of the increasing cloud filtering certainly appears to have 

an affect at CI-A values greater than 3.5 at lower altitudes.
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Figure 5.9: Mean MIPAS versus. HALOE 0 3 profiles with varying cloud filtering 
schemes. In some cases, the MRD exceeds 100% (refer to Table 5.5 for values). In all 
cases, the MRD remains outside the combined errors even in the cases for increased 
cloud filtering, MIPAS is consistently larger than HALOE below 50 mb.
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CI-A MRD at 
216 mb

MRD at 
135 mb

MRD a t 83 
mb

MRD at 51

1 . 8 651.8 (72) 263.5 (122) 95.3 (191) 29.2 (269)
2.5 sbl 647.2 (69) 255.6 (117) 83.9 (178) 28.3 (261)
2.5 sab 501.2 (52) 267.7 (75) 85.4 (113) 26.9 (208)
3.5 sbl 634.9 (62) 223.6 (107) 80.6 (163) 28.4 (258)
3.5 sab 529.9 (37) 283.3 (67) 84.8 (109) 26.9 (198)
4.0 sbl 608.3 (57) 234.0 (101) 82.02 (157) 28.5 (256)
4.0 sab 502.6 (22) 271.5 (60) 81.2 ( 1 0 1 ) 26.7 (193)
6 . 0  sbl 1207 (1) 169.4 (42) 66.42 (116) 27.2 (245)

Table 5.5: Summary of MIPAS and HALOE O3 comparison with varying cloud filters. 
The numbers in brackets next to each MRD represents the number of points in each 
comparison.

The fact th a t MIPAS is higher than HALOE is consistent with what may be 

expected from HALOE H20  measurements as comparisons of HALOE H20  with 

ATMOS and microwave instrum ents performed by Harries et al. [1996] showed that 

HALOE H20  Version 17 tended to be lower than these correlative instruments. Simi

larly, comparisons of version 19 HALOE H20  data  with ACE-FTS (a solar occultation 

instrum ent) by McHugh et al. [2005] also showed that HALOE exhibits a consistently 

negative bias compared to ACE -FTS with HALOE H20  relative difference increas

ing to 20 % below 20 km. The sources of error that dominate the HALOE H20  

measurements are the noise associated with the HALOE tracker, the registration al

titude and uncertainties in the forward model. Although the MIPAS systematic and 

random errors are not shown here, the clear sky to tal error estimates at 1 0 0  mb are 

largest (approximately 47 %) reducing to 13 % close to 2 0 0  mb. For the MIPAS H20  

measurements, the sources of error th a t dominate in the tropical UTLS region are 

due to the assumptions of horizontal homogeneity and uncertainty in the spectral 

and radiom etric calibration. Near 12 km, uncertainties in the spectral database also 

becomes a significant source of error in MIPAS H20  retrievals. The additional tests 

carried out to examine the impact of removing potentially interfering thinner clouds 

reduces the bias in MIPAS H20  from a CI-A threshold greater than 3.5 and through 

to a CI-A threshold of 6.0. However, care must be taken in interpretation of these 

results as an increase in CI-A reduces the available statistics. Certainly, these results 

appear to be consistent with the conclusions of chapter four in that MIPAS H20  that 

correspond to low CI-A values (lower than 3.5 in this case) introduce a positive bias
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Figure 5.10: Longitudinal variation of RD between MIPAS and HALOE O3. The 
largest differences occur at the lowest tangent height (approximately 2 0 0  mb) and 
decreases with increasing altitude

into MIPAS UTLS H20 . However any evidence of a negative bias at altitudes above 

the cloud altitude is not evident in the HALOE intercomparison here.

The combined precision for MIPAS and HALOE 0 3 is near 10 % below 50 mb 

and the MRD is consistently outside this range with a positive bias of 20 % with 

respect to HALOE. At 50 mb, the bias increases to 25 % and continues to increase 

at lower altitudes. As stated in the SPARC ozone report [Hofmann et al., 1998], the 

largest systematic HALOE errors arise at 16 km (around 100 mb) and below and are 

due to a) the HALOE pointing error that are due to uncertainties in the instruments 

registration altitudes and sun tracker and b) components of the HALOE forward 

model and the atmospheric state at the time and location of the retrieval (i.e. cloud 

and aerosol presence). It is assumed that a combination of these large error estimates 

extend to 150 mb and tend to 100 % at 300 mb. Several studies have compared 

updated HALOE ozone data (versions 18 and 19) with correlative satellite and in 

situ instruments that show that generally, HALOE tends to have a negative bias at all 

altitudes below the ozone peak particularly in comparison to SAGE II versions 5.93
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and 6.0 [Morris et al., 2002], POAM III [Randel et al., 2003], ACE FTS [McHugh et al., 

2005] and SAOZ long duration balloon [Borchi et al., 2005]. In regions where there is 

likely to be higher cirrus and aerosol interference dominance, the HALOE measured 

signal suffers and therefore reduces the certainty of the HALOE O3 measurements. A 

combination of MIPAS systematic errors, discrepancies in the HALOE measurements 

and unremoved MIPAS cloud interference is most likely to account for the observed 

bias. The remaining MRD is likely to be biased toward MIPAS forward model and 

instrum ental factors such as assumptions of horizontal homogenous atmosphere and 

uncertainties in the apodised instrument line shape (ILS) tha t are most significant 25 

between 1 2  and 2 0  km.

For O3, the MIPAS-HALOE comparison does not drastically reduce the positive 

bias in the tropical UTLS region and the MRD remains outside of the combined 

systematic and random errors. Certainly the variability in the precision decreases 

and the evidence suggests tha t the 216 mb level appears to improve the most when 

increasing the CI-A threshold. At a CI-A threshold of 6.0, the MIPAS and HALOE 

O3 at 1 2  km is based on only one point, therefore cannot be fully representative of 

cloud cleared MIPAS data although it should be noted tha t removing points with 

CI-A thresholds of 2.5, 3.5 and 6.0 does tend to reduce the positive bias between the 

two.

5.3 Inter-comparison of MIPAS O3 with SHADOZ  

O 3

Initiated by NASA in 1998, the SHADOZ program recognised the need for regular 

O3 monitoring to overcome the lack of in situ measurements at tropical latitudes. 

Most measurements of the lowrer tropical atmosphere were reliant on short localised 

campaigns meaning ozone observations were occasional with large gaps in between. 

Such data acquisition would limit the input for climate models and are not ideal to 

study trace gas fields and transport processes on short timescales (i.e. days or weeks). 

Two particular objectives of the SHADOZ measurements are increased measurements 

to deduce O3 trends over the Atlantic ocean and for the purpose of validating satellite 

measurements of 0 3.
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SHADOZ sites Latitude
[°]

Longitude
[°]

Station
Method

Station In
strument

Suva, Fiji -18.13 178.4 2% KI SPC
Pago Pago, Am. 
Samoa

-14.23 -170.6 2% KI SPC

Papeete, Tahiti -18 -149 2% KI SPC
San Cristobel, Gala
pagos

-0.92 -89.6 2% KI SPC

Paramribo, Suriname 5.81 -55.2 1% KI SPC
Natal, Brazil -5.42 -35.38 1% KI s p c / e n s c :
Ascension Island -7.98 -14.42 1% KI s p c / e n s c :
Cotonou, Benin 6 .2 1 2.23 1% KI SPC
Irene. South Africa -25.25 28.22 1% KI SPC
Nairobi, Kenya -1.27 36.8 1% KI ENSCI
Malindi, Kenya -2.99 40.19 1% KI SPC
Kuala Lumpar, 
Malaysia

2.73 101.7 1% KI SPC

La Reunion -21.06 55.48 0.5 % KI SPC/ENSC
Watukosek, Indonesia -7.57 73.5 2% KI ENSCI
Kaashidhoo, Maldives 5 73.5 2% KI ENSCI

Table 5.6: SHADOZ measurement sites.
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Figure 5.11: SHADOZ measurement sites. Source: www.croc.gsfc.nasa.gov/shadoz

5.3.0.1 E lectrochem ical co n cen tra tion  cell ozone sondes

All SHADOZ ozone sondes are flown with a standard radiosonde on a 1200 to 1500 g 

balloon at an operating temperature of 40°C and an operating pressure from sea 

level to approximately 1 mb (depending on where the balloon bursts). The Vaisala- 

tethered ozone sondes that are used by the SHADOZ program offer reliable and 

accurate ozone measurements with a high resolution and sampling rate [Thompson
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et al., 2003]. A sampling rate of 1 second enables an in depth view of the TTL 

structure and the lower stratosphere. Although measurements are nominally made 

only once a week (daytime measurements) offering approximately four measurements 

per month at each site, the SHADOZ network offers an in situ reliable, continuous 

source of tropical ozone measurements. The principles of ECC ozone sondes were 

explained earlier in chapter one and the errors associated with the instruments will 

be discussed here.

5.3.1 ECC ozone sonde errors

The manufacturer, EN-SCI corporation specify an accuracy of ±  5 % and precision 

of ± 4  % at altitudes less than 10,000 ft or 3 km [Fitz, 1998]. Hofmann et al. [1998] 

report the results of the World Meteorological Organisation (WMO) Juelich Ozone 

Sonde Inter-comparison Experiment (JOSIE) tha t was conducted in February 1996. 

The study found tha t the best precision (5%) was achieved by all ECC type ozone 

sondes. All non-ECC type ozone sondes achieved a lower precision of only 10 - 15 % in 

the troposphere and stratosphere. Barnes and Bandy [1985] tested the accuracy and 

precision of the ECC sondes by constructing an experimental chamber specifically 

designed to simulate real-atmospheric conditions. From the response of the ozone 

sondes to such conditions, the authors concluded the following random and systematic 

estimates: For precision; 6-10% from surface to 200 mb, 5 to 6  % from 200 to 10 mb 

and >16 % from 10 to 6  mb, For accuracy - 8  to 14 % from 800 to 300 mb, 3 to 5 % 

from 300 to 50 mb, and >10 % from 50 to 6  mb. The authors also state th a t with 

the improvement of measurement techniques and instruments, these estimates are 

likely to improve by 2 to 3 % in the upper troposphere and lower stratosphere region. 

Laboratory tests were carried out more recently by Johnson et al. [2002] tha t found 

factors such as the concentration of sensing solution and the pump correction factors 

(PCF) tha t were found to vary considerably between ozone sonde measurements used 

in various studies. They tested ozone sondes operating with 0.5 %, 1 % and 2  % 

KI buffered solution with various PCF and found tha t often some sensing solution- 

PCF combinations tha t are standardly used in ozone sonde operations can lead to an 

overestimation of the ozone at 30 km by 10 - 15 % due to previously undetected side 

reactions in the sensing solutions.

In relation to SHADOZ, Thompson et al. [2003] compared more than 1100 SHADOZ
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ozone sonde measurements for 1998 to 2000 with NASA’s Total Ozone Mapping Spec

trom eter (TOMS) and investigated the accuracy and precision of the O 3 sensors. 

They estimate the SHADOZ sondes precision to be 5% and tha t overall the sonde 

to tal ozone measurements were within 5% of independent TOMS satellite measure

ments. They also state the various error sources tha t may cause the systematic errors 

such as flow rate uncertainties (1 - 2 % at the ground), response time of the solution 

and extrapolation of the profile to the top of the atmosphere (using O3 climatolo

gies). More recently Thompson et al. [2007] performed a detailed error analysis of 

the SHADOZ ozone sondes from 1998 to 2004 in laboratory chamber tests and found 

tha t certain variations in some of the ozone sonde measurements were due to dif

ferences in operation procedures in certain SHADOZ sites. They found tha t some 

artifacts in ozone sonde measurements were accounted for by variations in stations 

operating procedures (buffering of solutions). For example, a high O3 bias (5-10 % 

higher than comparative measurements above 20 km) was detected in Nairobi station 

soundings tha t was attributed to the type of sonde and sensing solution used at this 

station. Measurement of sonde errors can be difficult to assess as each instrument 

used at each site is essentially a new instrument and different SHADOZ sites may use 

different measurement technique meaning tha t exact errors may differ slightly with 

each ozone sonde. At the present time, the estimated precision of ECC ozone sondes 

appears to vary between 5 and 7 % in the UTLS and between 3 and 5 % for accuracy. 

This study assumes a general sonde precision and accuracy estim ated value of 5 % 

for precision and 5 % for accuracy from 0 to 30 km.

5.3 .2  M IPA S O 3  com parisons w ith  SH A D O Z  O 3

Level 2 MIPAS vertical profiles of O3 retrieved by the version 4.61 and 4.62 offline 

processor are compared to SHADOZ vertical O3 profiles. The SHADOZ profiles are 

compared to MIPAS profiles with and without the application of MIPAS averaging 

kernels. In the cases where MIPAS averaging kernels are not applied, the high resolu

tion SHADOZ profiles are interpolated on to a mean pressure grid constructed from 

a mean of all MIPAS profiles.
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5.3.2.1 Coincidence criteria

All MIPAS and SHADOZ profiles compared in this analysis satisfy the coincidence 

criterion of the distance and time differences between MIPAS and SHADOZ profile 

is less than 600 km and 6  hours.

Year Month Number of 
matched 0 3  
profiles

2 0 0 2 July 1

2 0 0 2 August 3
2 0 0 2 September 14
2 0 0 2 October 4
2 0 0 2 November 3
2003 February 6

2003 March 2 2

2003 April 13
2003 May 6

2003 June 2

2003 July 15
2003 August 1 2

2003 September 8

2003 October 6

2003 December 4
2004 January 1 1

2004 February 7
2004 March 2 0

2 0 0 2 - TOTAL 157
2004

Table 5.7: Number of matches found between July 2002 and March 2004 for the 
chosen criteria.

5 .3 .2.2 Results o f O3 inter-com parisons

Figures 5.13(a) to 5.13(f) show examples matched MIPAS and SHADOZ profiles 

without averaging kernel convolution. In some of the matched profiles, MIPAS and 

SHADOZ profiles appear to agree very well and within the combined precision error 

estimates and as shown by 5.13(c) and 5.13(f). In other cases, MIPAS does not 

capture the minimum O3 values shown by the mean climatology and the SHADOZ 

profile. In some of the examples shown, agreement between MIPAS and SHADOZ 

profiles appears to better at pressure levels below 80 mb (i.e. at a higher altitude)
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Figure 5.12: Locations of matched SHADOZ and MIPAS profiles

whereas in the region between 80 and 215 mb the MIPAS RD can exceed 100 % and 

agreement appears to be poor.

5 . 3 . 2.3  M ean profiles

The ensemble MIPAS and SHADOZ (with and without MIPAS averaging kernels) 

profiles are shown in Figures 5.14(a) and 5.14(b). The figures show that in comparison 

to the SHADOZ O3 profiles, MIPAS O3 appear to be more variable in the tropical 

UTLS region.

In Figures 5.15(a) to 5.15(f), the operationally and tropical cloud filtered results 

for the MIPAS - SHADOZ comparison are shown. Averaging kernels have been 

applied to all SHADOZ profiles in these cases. The mean MIPAS profiles display a 

distinct positive bias compared to the SHADOZ profiles that is most evident from 50 

mb and at lower altitudes below that increases to be as large as 1 0 0 % close to 1 0 0  mb. 

In all cases, the MIPAS profiles do not appear to capture the minimum O3 behaviour 

observed in the mean SHADOZ and climatological profiles. From the increased cloud 

filtering, it can be seen that the difference between MIPAS and SHADOZ appears to 

be better at CI-A thresholds greater than 2.5 although the MRD remains outside the 

100 % range (for values, see Table 5.8) but reduces when applying an ’sab’ cloud filter. 

At pressures above 50 mb, the increased cloud filtering does not improve the MRD 

a great deal and MIPAS remains within 15 % of SHADOZ 0 3 at this level. Using a 

CI-A threshold of 6  appears to reduce the variability of the MIPAS data however this
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Figure 5.13: Examples of matched MIPAS and SHADOZ 0 3 profiles
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Figure 5.14: Ensemble of operationally cloud filtered MIPAS 03 and SHADOZ pro
files with and without MIPAS averaging kernels

cannot be taken as a statistically significant result due to the lack of data.

The results of each MIPAS and SHADOZ O3 with MIPAS averaging kernels for 

both criteria are summarised in Table 5.8.

The variation of RD across longitude for all matched profiles are shown in Figure 

5.16. Details about the figures are given in the figure caption and here, it can be noted 

here that the RD values are largest in the region close to the tropopause (typically 

tangent heights 13 and 12) with RD as high as 2000%. There does appear to be some 

indication of a longitudinal bias with MIPAS tending to be lower than SHADOZ at 

longitudes east of the Greenwich meridian.

5.3.3 D iscussion

From the MIPAS-SHADOZ O3 comparisons performed in this analysis it is found 

that MIPAS O3 has a large positive biased in relation to the SHADOZ O3 profiles
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Figure 5.15: Mean MIPAS versus. SHADOZ 0 3 profiles with varying cloud filtering 
schemes and shows that MIPAS is consistently higher than the mean SHADOZ 0 3 

profiles. The impact of the tropical cloud filtering appears to make the largest im
provement close to 215 mb but does not improve the large differences at 150 and 80 
mb between SHADOZ and MIPAS.
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Figure 5.16: Longitudinal variation of RD between MIPAS and SHADOZ

used in this analysis. The MRD becomes increasingly large in the pressure range of 

50 to 150 mb and the use of a CI-A threshold of 6.0 does not improve the disagree

ment between SHADOZ and MIPAS. Cortesi et al. [2007] indicate that comparisons 

of MIPAS O3 with ground-based and lidar correlative measurements show that the 

magnitude of disagreement increases greatly below 2 0  km with unrealistically large 

O3 values observed in the MIPAS data. These values are attributed to potential cloud 

corruption and in this analysis of MIPAS with in situ SHADOZ measurements, more 

stringent cloud filtering appears to improve the agreement at 198 mb, particularly in 

the 2.5 sab case. However, there is a marginal change to the agreement at pressures 

below 77 mb with increased cloud filtering. Also highlighted in the Cortesi et al. 

[2007] study is that the clear sky MIPAS random error estimates for the UTLS region 

may be underestimated and this would imply that the precision of the O3 retrievals 

in these regions is in fact more uncertain than previously envisaged.
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CI-A MRD at 
198 mb

MRD at 
1 2 1  mb

MRD a t 77 
mb

MRD at 49

1 . 8 59.6 (34) 158.4 (40) 119.5 (62) 13.9 (87)
2.5 sbl 30.53 (29) 134.5 (35) 109.1 (53) 13.9 (87)
2.5 sab 9.33 (14) 94.8 (27) 122.7 (34) 12.0 (54)
3.5 sbl 23.2(22) 106.9 (28) 93.1 (46) 13.2 (85)
3.5 sab 4.33(12) 77.73 (22) 106.5 (29) 9.9 (49)
4.0 sbl 25.7 (21) 106.9 (28) 87.4 (28) 13.2 (85)
4.0 sab 9.9 (7) 77.5 (21) 107.1 (28) 9.4 (47)
6 . 0  sbl 49.2 (3) 69.0 (17) 80.8 (40) 12.5 (83)

Table 5.8: Summary of MIPAS and SHADOZ O 3 comparison with varying cloud 
filters. The numbers in brackets next to each MRD represents the number of points 
in each comparison.

5.4 Inter-comparison of MIPAS H 2O with Vaisala 

radiosondes

Vaisala radiosondes are regularly launched from the Rosenstiel Laboratory located on 

the “Explorer of the Seas” Royal Caribbean cruise ship. The ship cruises the western 

and eastern Caribbean sea covering a latitude and longitude range of approximately 

18 °N to  30 °N and 60 °W to 80 °W. The radiosonde data  archives from the Rosenstiel 

laboratory date from 2002 to 2005 and the number of sondes launched per year varies 

between 135 and 249 sondes with at least one to three sondes launched per day. 

The Explorer radiosonde data-set consists of each radiosonde reading, its latitude 

and longitude, time, date and the radiosonde serial number which is particularly 

im portant for Vaisala radiosondes measurements as it can help to distinguish the 

kind of sonde th a t is being used and allow a quantification of the possible biases tha t 

the particular sondes are known to have.

The Rosenstial laboratories radiosonde data  archive was found to be well docu

mented as each radiosonde launch had a corresponding radiosonde type and serial 

number. This is im portant information because as explained in chapter two, atmo

spheric conditions, such as incident solar radiation or extremely cold tem peratures can 

introduce biases into the radiosonde data  tha t must be taken into account. Many of 

these biases depend on the radiosonde type and age. The type of Vaisala radiosondes 

and their age can only be identified from the serial number tha t contains information 

about the manufacture date in particular information about the day of the week and
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the year is given [Miloshevich et al., 2004]. The general rule is th a t RS90/92 sonde 

serial numbers begin with a letter tha t correspond to particular years, for example 

a “V” corresponds to the year 2000. RS80 sonde serial numbers begin with a digit 

th a t correspond to the last digit of tha t year for instance, “9” would correspond to 

the year 1999. The remaining part of the serial numbers correspond to the day of the 

week, and month of the manufacturing data  and the difference between the launch 

and manufacturing date corresponds to the age of the radiosonde. O ther datasets 

th a t were considered for this analysis were the WMO radiosonde network tha t have 

global radiosonde measurements and therefore are more representative of the tropical 

latitudes. However, various kinds of radiosondes are used at each station tha t intro

duced an extra source of variability in the data  and for the stations where Vaisala 

radiosondes are used, the radiosonde serial numbers are not documented meaning 

th a t the age of sonde cannot be deduced.

5.4.1 Sources of errors and corrections for Vaisala radioson

des

All Vaisala radiosondes are subjected to measurement uncertainty. The overall un

certainty, th a t includes measurement repeatability, of the humidity sensors used in 

Vaisala radiosondes is not expected to exceed 5% [Antikainen et al., 2002]. Often 

Vaisala radiosondes can exhibit substantial and unrealistically dry values in atmo

sphere in the atmospheric measurements. The source of this dry bias in the data was 

investigated further in studies such as those by Wang et al. [2002]; Miloshevich et al. 

[2001]; Kley et al. [2000] and several significant contributors towards this radiosonde 

dry bias were found to exist. Miloshevich et al. [2006] recognised the growing inter

est in upper tropospheric H2 O measurements particularly for satellite H2 O retrieval 

validation and climate-related research as well as the need for an accuracy assessment.

Wang et al. [2002] investigated the performance of RS80-A and RS80-H radioson

des in several laboratory tests to uncover the sources of errors tha t cause the dry 

bias in Vaisala radiosondes. The authors reported several sources of bias and devel

oped correction models th a t could be applied to each sonde individually to obtain 

the ambient or true relative humidity measurement. The two most significant con

tributors towards the dry bias are the error due to contamination and a tem perature
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dependent error. A chemical contamination error was found to occur in Vaisala ra

diosondes packaged in Mylar foil bags where outgassing of the bag material resulted 

in some binding sites being occupied by non-water molecules leaving less binding sites 

for water molecules and thereby resulting in a dry bias. The average contamination 

in RS80-A and RS80-H sondes was investigated as a function of sonde age, relative 

hum idity (RH) and tem perature and increased with sonde age and was found to be 

smaller for RS80-A than RS80-H. Radiosondes th a t were produced after May 2000 

are not affected by any contamination [Miloshevich et al., 2006].

The tem perature dependent (TD) error is due to inaccuracies in the calibration 

model where the sensor response to the changing tem perature particularly at cold 

tem peratures. The tem perature dependent correction can be thought of as a more 

accurate calibration model th a t is required only to improve the tem perature depen

dent calibration model th a t was originally applied to the RS80-A and RS80-H sondes. 

The TD correction is not required for RS90 and RS92. For Vaisala RS80-H the TD 

correction is given by Wang et al. [2002] and the basic principle is to remove the old 

incorrect calibration model and apply a more accurate model. The correction factor 

tha t is dependent on tem perature was found to be around 1 . 1  at a tem perature of 

-30°C and 2.5 a t tem peratures of -70° C.

Another source of significant error tha t was found to affect all Vaisala radiosondes 

was a timelag (TL) error th a t occurs to due to a non-zero time response of the hu

midity sensor to changes in the ambient humidity fields th a t affect the sensors ability 

to m aintain equilibrium with the environment [Miloshevich et al., 2004]. In order to 

correct this error, TL correction was developed by Miloshevich et al. [2004] to correct 

the error due to sensors non-zero response time as a function of RH, tem perature and 

time. The tim e constant (rs) describes the time response of the sensor, or the time 

taken for the sensor to respond to 63 % of an instantaneous change in the ambient 

RH. The TL correction essentially calculates what the true RH should be using the 

measured RH and tem perature with laboratory measured time constants. The TL 

correction is more like a procedure than  a simple correction equation tha t constitutes 

four steps: 1) A “skeleton” profile of the measured RH and the tem perature profile is 

made so th a t a single RH value represents each constant RH period, 2) The skeleton 

profile is smoothed within some allowed smoothing tolerance to ensure tha t it retains 

the shape of the original RH curve, 3) The TL correction is applied to the smoothed
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skeleton profile and finally 4) The smoothing and TL correction are performed a 

num ber of times and simultaneously regenerating the original RH and tem perature 

profiles by adding points to the profiles after each TL correction step.

The TL error is not a bias as such, but simply recovers structures from the a t

mospheres th a t have been smoothed by the TL. By testing the impact of the TL 

correction on several radiosonde datasets, Miloshevich et al. [2004] found tha t the 

TL correction tends to change the humidity profile by making it wetter in the upper 

troposphere and drier in the lower stratosphere. The RH values near the troposphere 

were found to increase by as much as 10 % RH after the correction.

The SPARC water vapour assessment [Kley et al., 2000] reported tha t for in 

situ  H20  measurements, Humicap sondes performed better than carbon hygristors 

th a t were found to have larger errors in the UT. Applications of the key corrections 

were reported to  reduce the bias in the Vaisala measurements and therefore poten

tially make them  suitable for climate analysis. Recently, Miloshevich et al. [2006] 

performed an extensive evaluation of the performance of six well known radioson

des including Vaisala RS80-H, RS90, and the RS92 against a reference instrument 

of known accuracy called the Cryogenic Frostpoint Hygrometer (CHF). They found 

th a t application of the TL correction reduced the variability observed in the Vaisala 

radiosonde upper tropospheric measurements. Miloshevich et al. [2006] deduced tha t 

Vaisala RS90 and RS92 radiosondes could be suitable validation of upper tropospheric 

H20  measurements from the AIRS instrum ent on board the AQUA satellite.

5.4 .1.1 Coincidence criteria

The coincidence criterion used for the SHADOZ comparisons were applied to the 

MIPAS and VAISALA data. Ideally an extremely stringent coincidence criteria should 

be used such as 100 km and 1 hour difference between the MIPAS and Vaisala launches 

as relative hum idity can vary greatly in the upper troposphere. Unfortunately, no 

matches were obtained using this criteria and therefore the baseline criterion had to 

be increased. The number of profiles obtained in the larger criterion and the locations 

of the matched profiles are shown in Table 5.9 and Figure 5.17.
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Year Month Number of 
matched H20  
profiles

2 0 0 2 July 7
2 0 0 2 August 1

2 0 0 2 September 5
2 0 0 2 October 1

2 0 0 2 November 3
2003 February 1 2

2003 March 9
2003 April 2

2003 May 9
2003 June 3
2003 July 8

2003 August 8

2003 September 7
2003 October 8

2003 November 9
2003 December 9
2004 January 4
2 0 0 2 - TOTAL 98
2004

Table 5.9: Number of matches found between July 2002 and March 2004 for the 
chosen criteria.

5.4.1.2 A pplication  of Vaisala corrections

In this analysis, H20  measurements obtained from RS80-H and RS90 radiosondes 

were compared to coincident MIPAS H20  profiles. The radiosonde profiles were 

compared with and w ithout corrections and where applicable, appropriate corrections 

were applied to the radiosonde measurements. As the radiosonde measurements are in 

given in term s of RH, they must be converted to a form th a t is suitable for comparison 

to MIPAS H20  profiles. The RH is calculated as the ratio of the vapour pressure, 

e, to the saturation vapour pressure es for which many different formulas for the 

calculation es exist [Vomel, 2005]. Vaisala radiosondes use the Wexler definition for 

the formulation of H20  vapour pressure and to keep consistency in the calculations 

used here, the Wexler formula is also used for the calculation of H20  volume mixing 

ratio. The RH measurements are first converted to the H20  mass mixing ratio in 

g/kg using Equation 5.9:

186



Figure 5.17: Locations of matched Explorer and MIPAS profiles

x v = ~~(5.9)

where e is calculated by:

-rar* (510>
Given tha t the molecular mass of water and dry air are MH2o and MDry, respectively, 

the H20  volume mixing ratio can be calculated from Equation 5.11:

vm r  =  ^ Dry * X v (5-11)
M H2o

The Vaisala radiosondes tha t were used in this analysis had the appropriate trop

ical MIPAS H20  averaging kernels applied to them similar to the method described 

in the MIPAS - SHADOZ section. In terms of Vaisala corrections, as the TD and TL 

corrections were found to have the most substantial effect, an attem pt to correct the

Vaisala radiosondes using the appropriate correction was also made in this analysis.

As the corrections require information on the temperature, measurement time and 

RH, the corresponding information was extracted with the sonde measurement. In 

order to apply the right correction, the serial number of each sonde is used to identify 

the type and age of the radiosondes using the methodology explained in Miloshevich
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et al. [2004]. As no Vaisala radiosonde in this dataset was produced before 25th June 

2 0 0 1 , no contam ination correction was applied to the data.

5.4.1.3 R esults o f  H2 O inter-com parisons

Figures 5.18(a) to  5.18(f) show the comparisons of MIPAS and Vaisala H2 0 . In each 

comparison, the Vaisala H20  profile without any correction or MIPAS averaging 

kernels are shown with the climatological H20  profile and the original sonde profile 

used in the analysis. The profiles show very varying results in the UTLS region with 

some profiles showing the RD exceeding 50 %. The Vaisala measurement biases tha t 

were discussed earlier are also displayed in some of the profiles particularly in Figures 

5.18(b) and 5.18(c) where the upper tropospheric dry bias and the lower stratospheric 

moist bias is clearly visible in the sonde profiles.

5.4.1.4 M ean profiles

An ensemble of all MIPAS and Vaisala RS90 and RS80-H profiles obtained in criteria 

2 are shown in Figures 5.19. The Vaisala ensemble appears to be in good agree

ment with MIPAS H20  in the pressure range of 215 mb to 80 mb. Above 80 mb, 

there is a distinctive positive bias present in the Vaisala profiles in the tropical lower 

stratosphere. This clear overestimation in the lower stratosphere suggests tha t the 

Vaisala radiosonde profiles are not suitable for sounding of the lower stratosphere 

region likely to  be due to  the larger uncertainty (larger than  1 0 0  %) at low humidity 

values Miloschevich [Pers. Comm.].

The mean MIPAS and corrected (with MIPAS averaging kernels) Vaisala H20  

profiles for the operationally and cloud filtered measurements are shown in Figures 

5.20(a) to 5.20(f) and summarised in Table 5.10.

From the results of the tropical cloud filtering of MIPAS data  against Vaisala, 

it can be seen th a t there is marginal improvement close to 213 mb with increased 

CI-A (i.e. using 2.5 sbl/sab) however, agreement is poor close to 131 mb and the 

most likely cause for this is the inadequate performance of radiosondes to measure 

accurately a t low tem peratures and the possible tendency of MIPAS H20  to be high 

near this region (from the results of the MIPAS -HALOE H20  comparison). At 82 

mb, the agreement between MIPAS and Vaisala appears to be within 10 % for most 

cases however, the differences tend to increase in the ‘sab’ case similar to the large
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Figure 5.18: Examples of matched MIPAS and Vaisala H20  profiles
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Figure 5.19: Ensemble and mean MIPAS and VAISALA H20  matched profiles

increase at 131 mb seen in the 2.5 sab and 3.5 sab case. In these cases, the Vaisala data 

that remain after extra cloud filtered data are removed appear to be underestimated 

(i.e. values of 0.086 ppmv at 131 mb) and therefore contribute to the large MRD in 

these cases. It is however, difficult to make a conclusion from these comparisons and 

a likely limitation here is the lack of data points and the data restriction to a small 

longitude/latitude range.

5.4.2 D iscussion

The analysis performed in this section compared MIPAS H20  profiles to H20  derived 

from Vaisala RS80-H and RS90 sondes. As the ensemble figures have shown, the 

MIPAS and Vaisala appear to exhibit similar variability in H20  concentrations in 

the upper tropospheric region. However, the Vaisala radiosondes are clearly biased 

positively in the lower stratosphere that emphasises the inability of radiosondes to 

measure accurately in lower stratosphere. Although RS90 radiosondes were found to
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Figure 5.20: Mean MIPAS versus. Vaisala H20  profiles with varying cloud filtering 
schemes
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CI-A MRD at 
213 mb

MRD at 
131 mb

MRD at 82 
mb

MRD at 50 
mb

1 . 8 15.2 (33) 223.5 (44) 9.7 (69) -32.7 (50)
2.5 sbl 7.21 (28) 200.2 (42) 10.3 (67) -32.7 (50)
2.5 sab 1.9(22) 7216.9 (26) 17.2 (37) -32.5 (47)
3.5 sbl 3.17 (25) 191.34 (40) 11.8 (65) -33.0 (49)
3.5 sab -34.4(12) 6348.4 (21) 19.33 (35) -32.7 (45)
4.0 sbl 3.17 (25) 138.5 (38) 10.3 (63) -33.0 (49)
4.0 sab -38.5(9) 6348.9 (21) 19.0 (35) -32.76 (45)
6 . 0  sbl -62.7 (1) 190.7 (20) 11.5 (54) -33.1 (48)

Table 5.10: Summary of MIPAS and Vaisala H20  comparison with varying cloud 
filters. The numbers in brackets next to each MRD represents the number of points 
in each comparison.

be the most accurate of Vaisala radiosondes [Miloshevich et al., 2006], it was recently 

noted th a t daytime measurements may be affected by solar radiation tha t can cause 

a dry bias in the measurements particularly in the upper troposphere. Methods of 

correcting this bias are currently under development. In this comparison the results 

have not been screened for day and night measurements and further work would be 

to distinguish between the two and correct for RS90 daytime dry bias [Vomel et al., 

2006].

Miloscevich (Pers. comm.) noticed th a t occasionally the TL correction when 

applied to the RS90 radiosondes caused some of the values to be negative at low 

tem peratures and the cause of this effect is currently under investigation. This may 

also be a factor contributing to the large differences close to be 131 mb layer. In this 

dataset, if the TL correction resulted in any negative values in the RS90 profiles, the 

da ta  points are treated as bad values. Even if corrections are not applied, the type 

of serial number and its age should be known so th a t known biases in the Vaisala 

measurements can be identified. Clearly it is difficult to totally assess radiosonde 

accuracy as they can be affected by many atmospheric conditions. However, these 

results have provided an interesting intercomparison and tha t reveals many of the 

difficulties in sounding the UTLS with in situ instruments and highlights some of 

the merits of using remote sensing instrum ents to observe this region. The issue of 

cold tem peratures near the tropical tropopause can be an issue for both in situ and 

remote sensing instruments.
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5.5 Summary

Following an intercomparison of MIPAS H20  and 0 3 with correlative satellite and in 

situ  measurements, some conclusions can be made about the quality of MIPAS in the 

tropical UTLS:

5.5.0.1 H20

1 . Comparisons to Vaisala radiosondes at 200 mb and 80 mb reveal very good 

results (<10 %) difference. However, at 100 mb, the comparisons are highly 

variable most likely because of the TL corrections. At 50 mb, it is difficult to 

assess the quality because of the larger uncertainty surrounding the radiosonde 

measurements a t low H20  concentrations. Although radiosondes are considered 

to be accurate to be used as real atmospheric representation, they can also suffer 

from biases which even with corrections, cannot be resolved. Radiosondes are a 

potentially excellent source of upper tropospheric H20  and the intercomparisons 

have presented some interesting results. However, there are still some issues with 

some of the corrections applied here with ongoing attem pts to improve them.s

2. The results for the Vaisala radiosondes are limited by the fact th a t closer co

incidences, particularly with the Vaisala radiosondes were not attainable. In 

addition, comparisons were only performed at one region.

3. Overall the intercomparisons with radiosondes were good but did not confirm 

the absolute quality of MIPAS data  a t pressures above 100 mb.

4. The intercomparisons of MIPAS H20  with HALOE showed tha t operationally 

cloud-filtered H20  between 12 km and 18 km exhibit a positive bias th a t is 

potentially due to  undetected clouds. Using cloud thresholds to remove un

detected clouds and biases from MIPAS H20  data  reduced the bias between 

MIPAS and both  HALOE and Vaisala H20  measurements.

5. W ith sufficient cloud screening using a CI-A threshold of 3.5, the positive bias 

a t 12 km can be reduced (although still remains large) compared to HALOE 

th a t is w ithin approximately 40 % at 15 km. However, the possibility tha t the 

HALOE H20  used in this analysis may possess a dry bias cannot be ruled out.
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6 . The best results from the MIPAS-HALOE comparison were obtained with a CI- 

A of 3.5 (similar for sab and sbl). From the more global comparisons performed 

on HALOE data  ([Harries et al., 1996; Montoux et al., 2007]), it is clear tha t 

HALOE has a  dry bias in comparison to MIPAS data. This has been identified 

by other authors and the results obtained here are in line with this.

Comparisons a t higher altitudes show th a t even with extra cloud filtering, MI

PAS H20  performs to within 20 % (at approximately 80 mb) and within 10 % 

close to  50 mb.

7. Although using a greater cloud index reduces the bias, the cost of doing so also 

reduces the quantity of tropical UTLS H20  data. However, the coverage will 

still be better than  th a t achieved by in situ  instruments.

8 . From the examinations of cloud effects on single H20  retrieved profile in chapter 

four, measurements near the tropopause may be dry biased when there is a cloud 

at a lower tangent height. However, in these comparisons, no evidence for such 

an effect, in comparison to the data  being compared to, could be found.

5.5.0.2 Os

1 . For tropical MIPAS 0 3 the bias between MIPAS and correlative instruments 

was found to be consistently large in the upper tropospheric region with large 

variability from 50 - 250 mb. At pressures above 50 mb in the lower strato

sphere MIPAS O 3  measurements possess a positive bias and although the bias 

is outside of the combined errors, it is closer than  the agreement achieved below 

the tropopause and beyond.

2. SHADOZ O 3 agrees very well with MIPAS data  a t 200 mb (with 2.5 sab) and 50 

mb to approxim ately 10 %. The 50 mb results are not particularly affected by 

the cloud clearing. At interm ediate levels, MIPAS appears to be approximately 

a factor of 2 higher than  SHADOZ for reasons th a t are not understood.

3. From the MIPAS 0 3 comparisons to HALOE, the results showed extremely large 

relative differences; however, as O 3 concentrations are expected to be small at 

such altitudes, the calculated relative differences will appear large. Similarly,
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for the H20  case, the MIPAS O3 agreement with HALOE does not alter at 

pressures close to 50 mb.

4. The comparisons to HALOE do not shed any light on these factors. As for 

the HALOE H20  comparison, HALOE data  have a large low bias compared to 

MIPAS results. Cloud filtering options make only a small difference. At 50 mb, 

agreement with HALOE is within 30 %.

In term s of MIPAS errors and uncertainty, the dominating contributing factors to 

the increased variability in MIPAS H20  and O3 below the lower stratosphere can be 

deduced from the Oxford analysis as the line of sight gradients in MIPAS data.

Clearly, much further work is required to deduce a reliable validation system for 

the tropical UTLS.
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C hapter 6

Tropical UTLS averages o f M IPAS  

H2O and O3

In chapter four, the detrim ental effect of clouds on MIPAS H20  and 0 3 retrievals was 

dem onstrated by simulating cloud effects in the wavelength range used for H20  and 

O 3 retrievals and examining the resulting systematic biases and changes in retrieval 

uncertainty. The main findings were that:

1. An increase in retrieval uncertainty and a decrease in precision was demon

strated  by an increase in the random retrieval error of the H20  and O3 profiles.

2. There is a direct systematic effect on the retrieved H20  concentrations at the 

cloud altitude th a t is anti-correlated with the retrieval level above.

3. The presence of cloud tends to exaggerate the pre-existing random error asso

ciated with MIPAS O 3  retrievals near the cold tropopause region.

The inter-comparisons carried out in chapter five showed th a t the operationally 

cloud filtered H20  and O 3 in the tropical UTLS region can contain significantly large 

errors particularly near the cold tropopause. The variability of the data near the 

UTLS region, caused by suspected cloud was shown to  be reduced when using a 

higher threshold. Therefore, additional cloud filtering is a necessary step to improve 

the accuracy of MIPAS H20  and 0 3 measurements for this region. The impact of 

the increased filtering is an im portant step for both of these gases in the tropics for a 

number of reasons. For example, the simulation of cloud effects performed in chapter
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four showed th a t a t low CI-A values (thicker clouds), O3 concentrations near the 

tropopause could in fact be larger than those expected in the clear sky values. Such a 

retrieved value could be misinterpreted as an enhanced O 3  concentration in the UTLS 

although the error assigned to the retrieval would also have increased. Similarly, low 

CI-A values were shown to result in a high bias in H20  values a t the cloud altitude and 

simultaneously produce lower values above the cloud. This is a particularly im portant 

detail as dehydration of air masses occurs at the tropical tropopause, as shown by 

G ettelm an et al. [2002c], Read et al. [2004]; Jensen and Pfister [2004] and such a 

bias in MIPAS da ta  can significantly impact the interpretation and furthermore, the 

potential value of the data  in this sparsely monitored region.

In this chapter, the seasonality of H20  and O3 in the tropical UTLS region is inves

tigated using the proposed improved cloud indices found suitable for tropical MIPAS 

retrievals of H20  and O 3 . A particular focus of this study is to demonstrate tha t 

MIPAS observes expected features and to show th a t MIPAS da ta  could be suitable 

for further studies of some im portant phenomenon in the UTLS.

In the following sections, having described the methodologies for seasonal aver

ages and shown seasonal cloud behaviour, the performance of the operational cloud 

detection will be evaluated against the tropical cloud flagging schemes proposed in 

chapter four. The impact of varying averaging methods in longitude is examined and 

the implications are drawn for the interpretation of the of the MIPAS data. The 

seasonal distribution of H20  and O3 in the tropical UTLS as measured by the MI

PAS instrum ent will be presented on layers representative of the tropical UTLS. As 

the MIPAS instrum ent’s ability to resolve layers in the TTL is limited by a 3 km, 

relatively coarse FOV (in comparison to the soundings achieved by in situ measure

ments), only particular layers within the UTLS region can be analysed. Pressure 

levels are a suitable vertical coordinate to show the concentrations throughout the 

UTLS and emphasis will be given to layers representative of the upper troposphere 

(215 mb), the tropopause (100 mb) and the lower stratosphere ( 6 8  mb). Finally, two 

case studies of H20  and 0 3 will be examined focussing on an 0 3 maximum in the 

South A tlantic and elevated H20  in the summer monsoon season.
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6 .0 .0 .3  M ethodologies for seasonal averages

The d a ta  used in this section are the OL (offline) versions 4.61 and 4.62 MIPAS L2  

d a ta  from July 2002 to  March 2004 and the corresponding cloud index information, 

calculated a t Leicester University from LIB spectra. For each month of data used in 

each season for this analysis period, monthly cache files were generated by extracting 

all MIPAS d a ta  from each orbit file of each month and merged to produce seasonal 

datasets. In one day, there are 14 MIPAS orbit files th a t contain around 75 profiles. 

In each MIPAS orbit file, information about all retrieved MIPAS L2  profiles (includ

ing tem perature and pressure), MIPAS time identification (TID), longitude, latitude 

information for each profile, the quality and convergence flags and the covariance 

variance m atrix  (the random retrieval error) are included. Each cache file generated 

a t Leicester University contains this information as well as the complementary CI-A 

values for all MIPAS bands, the CI-A TID and CI-A geophysical data  for all the 

days in one season. From each dataset, non-convergent da ta  are removed and the 

only d a ta  retained are those for which both good trace gas retrievals and valid cloud 

information are available.

To calculate seasonal averages, results for each gas are analysed separately. This 

is done because the number of valid profiles is different for each gas and therefore the 

m atching of gas profiles and CI-A profiles is different. Differences are small, however, 

as implied by Raspollini et al. [2006] who found th a t for the H20  and O3 profiles 

processed by the OL processor a t th a t time, a t least 93% of H20  and O 3  profiles suc

cessfully reached convergence and similar numbers of converged profiles were found 

in this analysis. Since MIPAS tangent altitudes drift in both altitude and pressure 

it is necessary to interpolate each point in the profile, at a certain tangent height, to 

a specified reference level. In this case, the levels used for vertical interpolation of 

the d a ta  are those first proposed for the UARS project of level 3 gridded levels and 

are shown in Table 6.1; UARS instrum ents were of comparable vertical resolution to 

MIPAS. For each MIPAS da ta  and random error profile, logarithmic interpolation is 

performed within the vertical range th a t contains only valid good data points. Rep

resenting d a ta  on the UARS pressure surface is a useful measure of comparison to 

previous measurements of H20  and 0 3 from instrum ents onboard the UARS satel

lite including HALOE and MLS as well as comparisons to TTL trajectory studies 

(although not particularly utilised here).
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UARS
level

Pressure
[mb]

2 464.14
3 316.23
4 215.44
5 146.78
6 1 0 0 . 0 0

7 68.3
8 46.42

Table 6 .1 : UARS Pressure levels for the UTLS region.

The MIPAS d a ta  shown in this chapter will be presented in several ways: for 

seasonal maps of H 2 O  and O 3  (and tem perature), the data  are initially gridded into 

5° la titude and 5 0 longitude bins over a range of 180°E to  180°W and a latitude range 

50°N to 50°S. This latitudinal limit is chosen to highlight the gradient between the 

tropical and m id-latitude regions for H 2 O  and O 3 .  Grids of 10° and 15° longitudinal 

averaging are also used.

The seasonally averaged vmr concentrations are presented together with the ran

dom error on the mean value of the grid box. This error on the mean is calculated by 

taking the mean of the level 2  retrieval errors, assumed to be random, of the points 

in each box, and reducing the error by the square root of the number of points. Here

after this error is referred to as the grid box error. The data  are also presented in 

term s of longitude and latitude cross sections th a t involves averaging the data within 

5° latitude or longitude bins and over the vertical scale used for analysis. Analysis is 

mainly performed on selected pressure levels from the UARS pressure grid:

1 . The 215 mb layer is used as a representation of the upper troposphere roughly 

equating to  the 12 km MIPAS tangent height.

2. The tropopause region, corresponding to approximately 16 km is represented 

on a 1 0 0  mb layer as a proxy to the tropical tropopause.

3. Finally, using the TTL definitions from chapter one, an altitude greater than 70 

mb (close to  19 km) should be representative of the upper limit of the TTL/lower 

stratospheric region. In this case, the da ta  are represented on a 6 8  mb layer.

All seasonal averages are calculated as: 1) D JF  =  December 2002, January 2003, 

February 2003, 2) MAM =  March 2003, April 2003, May 2003, 3) JJA  =  June 2003,
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July 2003, August 2003 and 4) SON =  September 2003, October 2003, November 

2003. For each season, the cloud top pressures are also calculated and when used 

synergistically with both H2O and O3 can provide a useful indication as to whether 

particular features may be associated with potential convective activity and also aid 

in diagnosis as to whether features may or may not be influenced by clouds. For an 

indication of where the coldest temperatures occur in relation to enhanced of reduced 

H2 O and O3 concentrations, the mean tropical UTLS tem peratures are also shown.

Throughout this chapter, references will be made to particular regions in the 

tropics, and the locations of these are given in Table 6.2. These are the approximate 

co-ordinates for the primary regions of interest.

Region Co-ordinates latitude/longitude
n

West and East Pacific 20 N to 20 S/120 E to  120 W
Central America/Brazil 10 N to 20 S/40 W to 80 W
Equatorial Africa 20 N to 20 S/0 to  40 E
South Atlantic Basin 0 to 30 S/40 W to 1 0  E
South Asia 30 N to 10 N / 50 E to 120 E
Micronesia 10 N to 20 S /100 E to  160 E

Table 6.2: Approximate co-ordinates of tropical regions featured in this chapter

6.0.0.4 Cloud top pressure, occurrence frequency, and “tropopause” tem 
peratures

Cloud information is not only useful because it indicates where data  quality might be 

affected. Cloud information such as the CI-A also gives an indication of the amount 

of cloud or aerosol particles relative to the trace gas signatures in a specific part of 

the atmosphere. For instance, H2 O measurements made in a completely clear sky 

scenario will equate to a different mixing ratio compared to one tha t is obtained in 

the presence of ice particles from cirrus clouds. This does not mean tha t a higher 

cloud index will reduce or change the retrieved value but can instead provide some 

indication of the particle amount in tha t particular instantaneous measurement. As 

mentioned earlier in this thesis, in order to obtain only “clear sky” concentrations 

of H2 O, using a cloud filter of greater than 6  would be favourable and screen any 

H2 O mixing ratios tha t are dependent on thin cloud presence. However, a significant 

caveat to this is th a t for completely “clear sky” MIPAS measurements, the number
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of da ta  points will reduce in accordance with the changing CI-A values as shown by 

the CI-A statistics presented in chapter four. To determine the suitability of CI-A 

filtering it is useful to take into account how often MIPAS encounters a “clear sky” 

tropical atmosphere. The reality is tha t the tropical upper troposphere is not cloud- 

free as dem onstrated by Wang et al. [1994] and Spang et al. [2002] who observed high 

cloud occurrence frequencies, often as high as 70%, in some tropical regions. Using 

the CI-A information in synergy with tropical MIPAS H20  and 0 3 measurements can 

act as a useful tool for the interpretation of the observed concentrations, depending 

on the cloud filter used.

The mean cloud top pressures (CTP) for the tropics are estim ated directly from 

the cloud index files by converting the cloud altitudes to cloud pressure by simple 

integration of the hydrostatic equation (Equation 6.1): where z is the cloud altitude, 

P is the apparent cloud top pressure, P G is the surface pressure taken as 1000 mb and 

H is the scale height (that is the height interval by which atmospheric pressure falls 

exponentially), taken as 7 km. The error at the altitude of interest is expected to be 

a maximum of 1 0  mb and are sufficiently accurate for the cloud top indication used 

here.

P  = P0e x p { - j }  (6.1)

It should be noted tha t the cloud top pressure maps give an indication of the 

“apparent” cloud top pressure and are calculated by taking into account the tangent 

height above which the cloud index increases to a “clear sky” value using a cloud 

definition of 1 .8 .

The cloud altitudes correspond to the MIPAS engineering altitudes and are known 

to have an associated bias of up to 900 m [Raspollini et al., 2006]. Nevertheless, the 

CTP estimates can provide an indication of the geographical “cloudiest” regions along 

the tropics and also regions where high/low clouds are persistent.

Seasonal mean cloud top pressures are shown in Figure 6.1 calculated for each 

season. Some distinctive features can be observed throughout the year and some of 

them  are highlighted here. In the D JF and MAM seasons, higher cloud tops appear 

to be located over the East and West Pacific Oceans, South America and Equatorial 

Africa with cloud top pressures in the region of the tropopause (close to 100 mb) 

indicating the cloud presence, particularly in these regions, can potentially reach

201



higher than the tropopause. In JJA and MAM, the behaviour changes considerably 

as the apparent CTPs are no longer constrained to the 20°N and 20°S band as in DJF 

and MAM. In JJA, higher clouds tend to migrate northwards in compliance with the 

ITCZ behaviour for this time of the year and are centralised over Mexico and India 

particularly. The movement of the ITCZ from the south of Equatorial Africa to the 

north of the equator is also visible in the highest clouds. In SON, there appears to 

be more spreading and the highest cloud tops are no longer over the South Asian 

Monsoon region but have evolved south-east towards Indonesia and North Australia. 

The tropical distributions observed here are in good agreement with the distribution 

of cloud top heights estimated by Liu and Zipser [2005] who demonstrated that these 

regions are associated with convective activity.

MIPAS LEVEL 2 C l-A (l.8) CTH [mb] : MONTH: DJF YEAR: 2003

(a) CTP in DJF

MIPAS LEVEL 2 Cl-A (1.8) CTH [mb] : MONTH: MAM YEAR: 2003

(b) CTP in MAM

(c) CTP in JJA (d) CTP in SON

Figure 6.1: Seasonal cloud top pressures calculated using operational CI-A threshold 
1.8. Note that the strip of data near to 22° south is an artificial artifact in the original 
MIPAS LIB data files.

MIPAS LEVEL 2 Cl-A(1.8) CTH [mb] : MONTH: JJA YEAR: 2003 MIPAS LEVEL 2 Cl-A(1.8) CTH [mb] : MONTH: SON YEAR: 2003
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Cloud occurrence frequencies (COF) are also a useful diagnostic parameter. Green- 

hough et al. [2005] calculated cloud occurrence frequencies as the number of cloudy 

spectra divided by the total number of points in a grid box of 5° and 5° between 

the altitudes of 12 km and 30 km, expressed as a  percentage. The cloud in these 

cases are defined using a CI-A threshold of 2.2 (for the inclusion of potentially thin

ner clouds) and are shown in Figure 6.2. The figures show a similar pattern to the 

cloud top heights as would be expected with the largest frequencies occurring close to 

the regions of the highest clouds. In DJF and MAM, larger cloud occurrence is over 

the Pacific, Central America, Africa and extending over the Indian and West Pacific 

regions with COF > 80% in some regions. In JJA , the cloud occurrence over the 

Pacific is reduced and pattern  migrates northwards consistent with the movement of 

the ITCZ. In SON, a similar behaviour to tha t observed in MAM can be seen with 

COF >  80% over the Equatorial continents and the Pacific ocean.

Tropical tropopause mean temperatures, using the 100 mb definition of the tropopause 

[Highwood and Hoskins, 1998] and with operational cloud filtering of CI-A <1.8 are 

calculated from MIPAS data  for each season and are shown in Figure 6.3. As the 

figures show the coldest tem peratures tend to occur in D JF through to MAM with 

tem peratures close to 190 K over the Pacific Ocean and Indonesia. In JJA , tem per

atures tend to be between 198 and 202 K for much of the tropics particularly over 

the Indian Ocean. A substantial region of cooler tem peratures occurs over the South 

Asian region in JJA , with mean tropopause tem peratures approximately 195 K likely 

to be associated with the Indian Summer Monsoon. These measurements can be a 

useful indicator as to where the lower stratospheric H20  concentrations may occur 

particularly from the distinct relation between the two [Mote et al., 1996]. It should 

be noted th a t the mean tem peratures calculated here are based on operationally fil

tered data  and th a t some of the colder regions are distinctively close to regions of high 

apparent CTP. There may in fact be residual cloud effects remaining in the retrieved 

tem peratures although these have not been investigated in this thesis.
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Figure 6.2: Seasonal cloud occurrence frequencies calculated using operational CI-A 
threshold 1.8. See text for description of calculations. Highest COFs occur at the 
tropics with COFs exceeding > 80 % over regions such as the Pacific, Equatorial 
Africa and Brazil throughout the year.

6.1 O p eration al and im proved cloud cleared M I

P A S  averages

In this section, averages are derived from operational MIPAS data and compared with 

results using the additional cloud-filtering suggested in this thesis. Results are shown 

for DJF which is representative of the average behaviour of the tropics.
In Figure 6.4 the concentrations and the estimated grid box error on the seasonally 

averaged MIPAS H20  data at 6 8  mb and 215 mb, for DJF are shown. The white
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MIPAS LEVEL 2 T#mp ot 100.000 
G—A< 1.80000

(b) 100 mb T in MAM

MiPAS LEVEL 2 T«mp ot 100.000 mb MONTH JJA YEAR 2003 
O-AOJOOOO

MiPAS LEVEL 2 Temp ot 100.000 mb : MONTH SON YEAR 2003 
Cl-A< 1.80000

(c) 100 mb T in JJA (d) 100 mb T in SON

Figure 6.3: Seasonal temperatures measured at the 100 mb “tropopause” height. The 
migration of the northward moving ITCZ is a pronounced feature, particularly over 
South Asia. Also notice the cold tropopause temperatures (< 190 K) over the east 
and west tropical Pacific ocean.

regions in the figures are due to missing or removed data-points from operational 

cloud screening. At 68 mb, in the region of lower stratosphere, data are not removed 

using the operational CI-A value indicating that no cloud (using the CI-A < 1.8) 

reaches these altitudes. Some features that are evident in DJF are regions of apparent 

localised low mixing ratios, that on the one hand could indicate dehydrated air parcels 

that have travelled through the tropical tropopause region and on the other hand, 

these dry values could arise from the effect of clouds at altitudes below 18 km that 

introduce a dry bias into the H20  profiles above the cloud.
Particular regions where concentrations tend to be lower than 3 ppmv (but greater
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than  2 ppmv) can be seen over the West and East Equatorial Pacific Oceans, Equa

torial Africa and Central America. In relation to the corresponding retrieval errors, 

the mean retrieval error (mean precision over square root of the number of profiles) 

tends to  rem ain below 1 0 % for most grid boxes.

For H20  a t 215 mb, the most evident feature is th a t the concentrations appear to 

be much more variable than  those observed at 6 8  mb. Another point to notice is tha t 

there are white regions of missing or removed da ta  over the East and West Pacific 

Oceans, C entral and South America, Equatorial Africa and over much of Indonesia. 

These regions correspond to missing data  because of operational cloud filtering and 

are consistent with the regions of highest cloud top pressures as seen in Figures 6 .1 . 

Away from cloudy regions, the estim ated grid box errors on the mean are less than 

10%. However, some regions show variability from grid box to grid box which is 

larger than  indicated. This would be consistent with the expectations of large errors, 

depending on the cloud altitude as shown in chapter four.

Figure 6.5 shows the operationally cloud filtered O 3 concentrations and estimated 

grid box error a t 6 8  mb and 215 mb for DJF. At 6 8  mb the observed concentrations 

appear variable w ith concentrations close to 1 ppmv over the East and West Pacific 

Oceans, Central and South America, Micronesia and Equatorial Africa. In contrast 

to  these, a distinctive band of lower O3 concentrations is apparent over the Pacific 

Ocean, close to  the coast of South America, the Equatorial Atlantic and Indian Ocean 

as well as a distinctive band of low O3 (concentrations between 0.38 and 0.7 ppmv) 

in the 20°N - 0°N band extending over Central America, Africa and India. The 

corresponding random  retrieval errors in both cases remain below 1 0 % over much of 

the  tropical latitudes although some scattered high random retrieval error regions, 

particularly  in the D JF  are visible over some parts of the tropics.

At 215 mb, 0 3, similar to H 2 0 , exhibits much variability even in the averaged con

centrations with particularly striking contrasting Os concentrations over the Pacific, 

A tlantic and Indian Oceans in both  DJF. This could correspond to the prominent 

zonal wave-one 0 3 pa tte rn  [Wang et al., 2006], th a t relates to enhanced 0 3 features 

over the southern Atlantic. This apparently shows concentrations greater than 0.08 

ppmv. Lower concentrations appear over the east and west Pacific Ocean ranging be

tween 0.04 and 0.06 ppmv, possibly suggesting uplift of low O 3 air over these regions. 

However, these distinctive low 0 3 mixing ratios appear to possess higher estimated

206



«Z02tpprr,v]

(a) 6 8  mb concentrations (b) 6 8  mb estimated grid box errors

(c) 215 mb concentrations

Figure 6.4: L2 H20  concentrations and estimated grid box error at 6 8  mb and 215 
mb with operational detection CI-A < 1 .8  for DJF. All data are averaged on 5° by 5° 
grid boxes. Upper limits on the colour bar indicate where the data or grid box error 
exceeds these limits.

grid box errors between 50 % and 100 % meaning that a dominating factor is the 

decreased precision at these low O3 values. High grid box to grid box variability is 

observed in these regions. Again, the regions of missing data are consistent with what 

is expected due to cloud interference in these regions.

6.1.1 Tropical cloud filtering schem es for H20  and 0 3

Here, additional cloud filtering schemes are applied to tropical UTLS MIPAS H20  

and O3 . The schemes are demonstrated on the DJF season only and are based largely 

on the cloud effects discovered in chapter four and the validation in chapter five. To

MEAN RANDOM RETRIEVAL ERROR 
Ci-A< 1.80000

(d) 215 mb estimated grid box errors
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(a) 6 8  mb concentrations (b) 6 8  mb estimated grid box errors

(c) 215 mb concentrations (d) 215 mb estimated grid box errors

Figure 6.5: L2 O3 concentrations and estimated grid box errors at 6 8  mb and 215 mb 
with operational detection Cl-A < 1 . 8  for DJF. All data are averaged on 5° by 5° 
grid boxes. Upper limits on the colour bar indicate where the data or grid box error 
exceeds these limits. White regions indicate missing data.

reiterate the impact for H2 0 , it was found that at the cloud altitude, H20  concen

trations can be expected to possess a positive systematic bias with a simultaneous 

negative bias above the cloud altitude (which was more than 70% for the Cl-A =  1.49 

case analysed). Using an improved cloud index threshold of 3.5 was found to reduce 

such biases, to values close to 5% and -10%, above and below the cloud altitudes, re

spectively. For 0 3, although no systematic effect could be determined, the estimated 

random error would be expected to reduce by almost 50 % if a Cl-A threshold of 2.5 

and that this would also marginally decrease the estimated random error above the 

cloud. Although the cloud systematic error is unknown, it is likely to be considerably 

reduced in accordance with reducing random error. However, MIPAS O3 retrievals
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near the tropopause and below suffer from large uncertainty and therefore any cloud 

effects are likely to  be masked in comparison to this pre-existing uncertainty for both 

H20  and 0 3. The figures quoted here should not be taken as “exact” biases for each 

profile bu t ra ther denote the magnitude and direction of the cloud biases th a t are 

possible.

For both  H20  and 0 3, two schemes are tested here. In previous chapters, it 

was noted th a t cloud flagging thresholds could be relaxed above 18 km. However 

this is not explicitly tested here as the highest level examined of 6 8  mb is affected 

considerably by da ta  from tangent heights near 18 km and therefore subject to strict 

cloud clearing. The two schemes proposed are:

1. Scheme A th a t removes the MIPAS data  at the cloud altitude and at the altitude 

above the cloud for MIPAS H20  and O 3  using the respective thresholds of 3.5 

and 2.5.

2. Scheme B th a t requires removal of the H20  and O 3  data  at the cloud altitude 

only w ith the respective Cl-A thresholds.

W ith each filtered data-set, the estimated grid box error is also shown to demon

stra te  the effect of each filtering scheme on the overall quality of the remaining data.

It is im portant to note th a t this additional filtering is a way of maximising the po

tential quality of the data  after it has been retrieved in a  region where clouds are a 

persistent, semi-permanent feature. Of course, this will lead to a significant reduction 

in the number of da ta  points as dem onstrated in the inter-comparisons performed ear

lier. This will also impact the estim ated grid box error for the calculated seasonal 

means th a t is largely dependent on, and improved by a large number of data points.

6 .1.2 Im pact o f cloud filtering improvements on tropical UTLS 

H20  and O3

6.1.2.1 Scheme A and B for H20

Beginning with H2 0 ,  the da ta  for D JF at 6 8  mb and 215 mb cloud filtered under 

scheme A are shown in Figures 6 .6 . At 215 mb, the most significant effect of using a 

more stringent cloud filtering is the large loss of da ta  particularly over the continental
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regions and the Equatorial Pacific Ocean coincident of course with prominent cloud 

coverage. Many of the regions with high concentrations of H2 O have been removed 

and from cloud tests performed in chapter four, this indicates th a t removed data 

values were likely to have an associated systematic bias larger than  2 0  %.

At 6 8  mb, da ta  in regions such as the Pacific ocean and over the Equatorial con

tinents, where the lowest H2 O concentrations were observed, have been removed and 

near the regions where clouds are at lower altitudes. For example, off the west coast 

of South America, the concentrations remain unchanged between the operational and 

scheme A cloud clearing cases. In comparison to the estim ated grid box error, the 

concentrations observed over Equatorial South Pacific and Atlantic Oceans are close 

to  3.5 - 4.0 ppmv and the corresponding random retrieval errors are less than 7.5 %. 

Over the Indian Ocean, concentrations vary between 3 and 4 ppmv and the corre

sponding random  errors lie between 10 % and 20 %. W ith reference to the apparent 

C TP for this season, it can be seen tha t there appears to be some higher clouds 

present in this region (compared to the Pacific and Atlantic Oceans). Comparing 

these 6 8  mb H20  concentrations to the 6 8  mb concentrations using scheme B as 

shown in Figure 6.7(a), it can be seen th a t much of the drier concentrations over the 

Equatorial Pacific and continents are removed and using the evidence from the cloud 

tests in conjunction with the apparent positions of the cloud tops, it is likely tha t the 

retrieved concentrations a t this altitude are dry biased in the operational data and 

scheme B and remain due to underlying cloud. This demonstrates the importance of 

removing the altitude above the cloudy tangent height.

W hat can be seen is a clear difference between scheme A and the MIPAS oper

ational/schem e B results in the dry regions. There remains a possibility tha t the 

differences are real but it is also clear th a t the retrieval error is an equally possible 

source. Therefore a conservative approach is adopted which is to remove the altitude 

above the cloud. We adopt scheme A in the following work.

6.1.2.2 Scheme A and B for 0 3

The additional cloud filtering schemes selected for MIPAS 0 3 are presented in Figures 

6 . 8  and 6 . 9  for the pressure levels a t 6 8  and 215 mb. At 215 mb, large-scale features 

of 0 3 concentrations between 0.3 and 0.5 ppmv can be observed over the north-west 

Equatorial Pacific ocean in the da ta  filtered with scheme A, and seemed to be quite a
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M8*S LEVEL 2 H20 ot 68.1292 mb : MONTH OJF YEAR 2003
D-A<3 50000

(a) 6 8  mb concentrations (b) 6 8  mb estimated grid box errors

MEAN RANDOM RETRIEVAL ERROR H20 ol 213.443 
Cl-A<3^0000

(c) 215 mb concentrations (d) 215 mb estimated grid box errors

Figure 6 .6 : H20  averaged concentrations and estimated grid box error filtered with 
scheme A. All data are averaged on 5° by 5° grid boxes. Upper limits on the colour 
bar indicate where the data or grid box error exceeds these limits.

robust feature that is prevalent in the operationally cleared data also. Similarly the 

band of O3 with concentrations between 0.8 and 1.0 ppmv over the southern Atlantic 

remains even after filtering with a cloud index threshold of 2.5 in both schemes A and 

B. However, the features of low O 3  concentrations over the Pacific ocean correspond 

to errors greater than 60 % in some cases indicating that the uncertainty of MIPAS 

O 3  retrievals in this region remains despite the removal of cloud effects.

At 6 8  mb, the impact of using the cloud filtering scheme A on the retrieved con

centrations seems more apparent than that observed at 215 mb. Over the Equatorial 

Pacific, Brazil, Africa and the Indonesian regions, 0 3 concentrations close to 1 ppmv 

can be observed in the operationally filtered data (Figure 6.5(a)). Application of
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Figure 6.7: H2 O averaged concentrations and estimated grid box error filtered with 
scheme B. All data are averaged on 5° by 5° grid boxes. Upper limits on the colour 
bar indicate where the data or grid box error exceeds these limits.

a CI-A threshold of 2.5 in scheme B appears to shift these concentrations towards 

values closer to 0.75 ppmv. Under scheme A, many of these data are removed and 

the remaining data points tend to lower concentrations closer to 0.5 to 0.6 ppmv. 

Although no indication of any systematic effect on 0 3 concentrations was deduced 

from the cloud tests, it can be expected that a CI-A threshold of 2.5, at best, would 

result in a removal of any O3 profile with greater than 20 % cloud induced uncer

tainty. For O3 in the UTLS region, even if the suspected anomalous cloud affected 

profiles are removed from the analysis, the fact that the associated noise in this region 

can be large combined with the reduction in data quantity using scheme A or B will 

unavoidably increase the estimated grid box error in this region.
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MPAS LEVEL 2 03 ot 60.1292 mb MONTH DJF YEAR 2003
a-A<2.50000

MEAN RANDOM RETRIEVAL ERROR 03 ot 68.1292 mb : MONTH DJF YEAR 2003 
Cl-A<2.50000

(a) 68 mb concentrations (b) 68 mb estimated grid box errors

M*>AS LEVEL 2 03 Ot 215.443 mb MONTH OJF YEAR 2003 
O-A<2.30000

MEAN RANDOM RETRIEVAL ERROR 03 ot 215.443 mb ; MONTH DJF TEAR 2003 
Ci-A<2JOOOO

(c) 215 mb concentrations (d) 215 mb estimated grid box errors

Figure 6 .8 : O3 averaged concentrations and estimated grid box error filtered with 
scheme A. All data are averaged on 5° by 5° grid boxes. Upper limits on the colour 
bar indicate where the data or grid box error exceeds these limits.

The impact of the proposed schemes on H20  and O3 retrieved concentrations 

and estimated grid box errors unfortunately presents a conflicting situation. On the 

one hand, using knowledge of the CI-A effect on H20  and 0 3 retrievals near this 

region in conjunction with apparent cloud position allows suspected cloud affected 

data to be removed but at the cost of losing data in this region. Between 30°N - 

30°S, approximately 40 % more data points are lost at 215 mb as a consequence of 

using scheme A compared to the operationally filtered data for H20 . Similarly, for 

0 3, approximately 30 % more data points are lost as a result of scheme A cloud 

filtering. W ith less data samples in the UTLS region, the uncertainty in this region 

grows and this can be a crucial factor particularly for 0 3 where the random noise can
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(a) 68 mb concentrations (b) 68 mb estimated grid box errors

MIPAS LEVEL 2 03 ot 215.443 mb : MONTH OJF YEAR 2003 
O—A<2.50000

MEAN RANDOM RETRIEVAL ERROR 03 ot 215.443 mb : MONTH DJF YEAR 2003
ei-A«2.50000

(c) 215 mb concentrations (d) 215 mb estimated grid box errors

Figure 6.9: O3 averaged concentrations and estimated grid box error filtered with 
scheme B. All data are averaged on 5° by 5° grid boxes. Upper limits on the colour 
bar indicate where the data or grid box error exceeds these limits.

quite often be significantly large. The choice of CI-A threshold depends entirely on 

user requirements, for example, in the case where better data coverage is required in 

the region above the TTL/lower stratosphere region, then scheme B would be more 

suitable with the caveat that the H20  concentrations may be dry-biased by more 

than 20 % above cloud. In the work that follows the stringent thresholds of 3.5 and 

altitude above for H20  and 2.5 and the altitude above for 0 3 are adopted.

6.1.3 Longitudinal resolution effects

The MIPAS data maps that have been presented previously in this chapter have been 

averaged on to a 5° by 5° latitude versus longitude grid. This gridding provides a high
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resolution snapshot of the data from which the variability in the mean concentrations 

and the errors can clearly be observed. Here, the effect of changing the longitudinal 

gridding is investigated with particular focus on the modulation in trace gas features 

and w hether changing the averaging can change the interpretation of observed fea

tures and their corresponding estimated grid box error. In Figure 6.10, JJA  MIPAS 

H20  averaged concentrations and mean random retrieval errors at 6 8  mb with cloud 

filtering scheme A, are displayed using a latitude gridding of 5 ° and a longitude grid

ding of 5°, 10° and 15°, respectively. The 5° by 5° averaging shown in Figures 6.10(a) 

and 6 .1 0 (b) dem onstrate the most variability in the mean concentrations particularly 

around the South Asian region with concentrations ranging from 4.5 to 6  ppmv. The 

corresponding estim ated grid box error vary between 15 and 20 % amongst regions 

of missing d a ta  points. Increasing the longitude gridding to 10° (Figures 6.10(c) and 

6 .1 0 (d)) removes some of the higher observed concentrations and emphasises drier 

concentrations over the North American and South Asian regions both with higher 

estim ated grid box errors than  the surrounding fields. Increasing the longitude aver

aging even further to  5°, 10° averaging as shown by Figures 6.10(e) and 6.10(f) tends 

to sm ooth out these dry features and their estim ated grid box errors no larger than 

1 0  % in contrast to some of the errors observed in the 1 0 ° longitude averaging case.

In some ways, the degree of averaging assigned to the data  depends on the data 

requirement and all have different advantages. For example, the 5° by 5° averaging 

provides a  diagnostic view of the data  and certainly gives more information about 

the variability in the averaged concentrations and estim ated grid box error. Regions 

where large variability may be due to cloud presence may in fact be hidden by the 

larger longitudinal averaging and therefore mask potential cloud effects (whether 

retrieval errors are real) in the data. However, for analysis of broad-scale structures, 

such as any contrasting features over landmass and oceans, a slightly less stringent 

spatial averaging like 5° by 10° may be more suitable. Using a larger averaging could 

potentially conceal “no data” regions although yield smoother large scale structures.

The MIPAS d a ta  maps shown in the remaining parts of this chapter will be rep

resented on a 5 ° by 1 0 ° so th a t some of the variability is distinguishable as well as 

the locations of broader features.
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MEAN RANDOM RETRIEVAL ERROR H20 ot 68.1292 
CI-AO.50000

30.00

(a) 6 8  mb H2 O VMR with 5° averaging (b) 6 8  mb H2 O grid box errors with 5° aver
aging

(d) 6 8  mb H2 O grid box errors with 1 0 ° av
eraging

(c) 6 8  mb H2 O VMR with 10° averaging

kUPAS LEVEL 2 H20 ot 88.1292 mb MONTH JJA TEAR 2003 
0-A<350000

MEAN RANDOM RETRIEVAL ERROR H20 ot 68 1292 mb MONTH JJA YEAR 2003 
Cl-A<3.50000

(f) 6 8  mb H2 O random error with 15° aver
aging

(e) 6 8  mb H20  VMR with 15° averaging

Figure 6.10: JJA  H20  with varying longitude averaging. Note the effect of using 
larger longitudinal grid box size results in removal of ” missing” data regions and less 
variability in the averaged concentrations and estimated grid box errors.
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6 .1 .4  Seasonal analysis o f H 2 O and O 3

The seasonal behaviour of H20  and O3 captured by the MIPAS L2 data  with trop

ical cloud filtering are now presented using the improved cloud filtering scheme A 

and the 5° by 10° averaging. The average concentrations for two seasons, D JF and 

JJA , with cloud filtering scheme A (removal of the tangent altitude above the cloud 

with the consecutive CI-A thresholds) are shown along with the estimated grid box 

errors. The data  shown are for the three pressure levels, 6 8  mb, 100 mb, and 215 

mb, th a t correspond to an upper tropospheric, the tropical tropopause, and a top of 

the TTL/lower stratospheric layer. A particular focus of this section is to evaluate 

the distributions of both gases tha t the MIPAS instrum ent observed in 2003 in this 

region. As shown in chapter five, MIPAS concentrations of H20  and 0 3 were found 

to possess a positive bias in comparison to HALOE and in situ  measurements (for 

example, less than  15 % for MIPAS O3 compared to SHADOZ at 50 mb and less than 

10 % at 80 mb for MIPAS H20  compared to Vaisala radiosondes). Here the mean 

concentrations will be quoted although the positive bias for both gases around the 

tropical tropopause must be kept in mind.

6 .1.4.1 Seasonal H 20

Beginning with H2 0 , the mean concentrations and the corresponding estimated grid 

box errors, as measured by the MIPAS in D JF and JJA  2003 are shown in Figures 

6.11 and 6.12. The mean H20  concentrations a t this altitude are variable, with 

concentrations from 20 ppmv to >60 ppmv observable over the east Pacific Ocean, 

close to the west coast of South America, over the Atlantic ocean and close to the 

west coast of Africa. In relation to the cloud occurrence frequencies, it can be seen 

th a t these region are particularly cloud-free (occurrence frequencies less than 2 0  %) 

meaning th a t these mean concentrations are likely to be valid as also demonstrated by 

the mean estimated grid box errors of less than 10 %. In the surrounding regions, the 

estim ated grid box errors appear to remain below 1 0  % with some sporadic estimated 

grid box errors greater than 60 %. At 100 mb, the observed concentrations appear to 

have reduced dramatically, varying between 3 and 5 ppmv over most of the tropics 

and for most of these grid boxes, the corresponding estimated grid box errors remains 

close to 10 % or less. W hat is noticeable is tha t for regions where concentrations are
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lower than  or close to 3 ppmv, the estimated grid box errors tend to rise to as high 

as 60 % in some cases. Although any cloud based error has been removed using the 

verification of cloud effects from chapter four, the removal of da ta  points in this region 

inadvertently results in an increase in the estimated grid box errors. Ascending higher 

in altitude to 6 8  mb, the mean concentrations for most of the tropics at this altitude 

are close to  3.5 ppmv with an associated estim ated grid box errors of almost 5  %, 

ra ther similar to those observed by MLS [Clark et al., 2003]. The dehydrated features 

appear to be more widespread tha t those observed earlier by Clark et al. [2003] in 

regional patterns, such as close to the Equatorial Pacific, South America and African 

continents as well as over Micronesia. However, the concentrations tend to be closer 

to 2.5 ppmv (with associated estimated grid box errors close to 20 %) but appear to 

follow a similar pattern  to tha t observed by MLS. It should be noted tha t in some of 

these regions, there are no more than 9 data points and combined with the fact tha t 

the estim ated clear sky random error (refer to the Oxford University estimates shown 

in C hapter three, section 3.7) is larger here (approximately 25 %), this provides the 

reason for the increase in errors.

In JJA , the average concentrations nearer to the continents, particularly near 

Africa, Brazil and the East Equatorial Pacific ocean, vary between 60 and 80 ppmv 

with estim ated grid box error less than 10 %. No data  are available over the North 

American and South Asian regions consistent with the patterns of highest cloud 

occurrence and cloud tops. At 100 mb, the average concentrations over much of 

the tropics are >5 ppmv and wetter than those observed in D JF with the estimated 

grid box error less than  10 %. Lower concentrations close to 3.5 ppmv are prevalent 

in a distinctive band extending from Indonesia, over the Indian Ocean and part of 

the North Equatorial African region. However, these lower concentrations in the 

tropopause region correspond to greater estimated grid box error tha t in these cases 

are less than  20 %. Similar features of drier mixing ratios can be observed close to 

India a t 6 8  mb, and most of the tropical regions are close to 3 ppmv over much of the 

tropics, with corresponding estim ated grid box error of less than 5 %. At this time of 

the year, H20  concentrations are influenced by a combination of the strong convective 

activity and association with the anti-cyclonic systems of the monsoon [Barry and 

Chorley, 1998].
The seasonal distribution of tropical UTLS H20  have shown distinctive behaviour
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MEAN RANDOM RETRIEVAL ERROR H20 ot 60.1292 mb : MONTH DJf YEAR 2003
0-A<3.50000

(b) 6 8  mb estimated grid box errors(a) 6 8  mb concentrations

(d) 1 0 0  mb estimated grid box errors(c) 1 0 0  mb concentrations

50.00

215.443 mb : MONTH 0JF YEAR 2003 MEAN RANDOM RETRIEVAL ERROR H20 ot 215.443 
Ci-A<3.50000

(e) 215 mb concentrations (f) 215 mb estimated grid box errors

Figure 6.11: MIPAS H20  for DJF at 68 mb, 100 mb and 215 mb cloud filtered with
CI-A threshold of 3.5 under scheme A. White regions in the data indicate missing
data.
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(b) 6 8  mb estimated grid box errors(a) 6 8  mb concentrations

MEAN RANDOM RETRIEVAL. ERROR H20 ot 100 000 
Cl-A<330000

(d) 1 0 0  mb estimated grid box errors(c) 1 0 0  mb concentrations

MEAN RANDOM RETRIEVAL ERROR 
CI-AO.S0000

MONTH JJA YEAR 2003

(e) 215 mb concentrations (f) 215 mb estimated grid box errors

Figure 6.12: MIPAS H20  for JJA at 68 mb, 100 mb and 215 mb cloud filtered with
CI-A threshold of 3.5 under scheme A. White regions in the data indicate missing
data.
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over certain regions in the tropics. In DJF, higher H20  concentrations appear to 

be centred around the continents, with a region between the Pacific Ocean and the 

South America where lower concentrations (between 2 0  and 40 ppmv) and no cloud 

influence can be observed. Although the H20  distribution is likely to vary over 

inter annual timescales, the general H20  field is similar to previous measurements of 

215 mb H20  concentrations from the MLS instrum ent Stone et al. [2000] who found 

similar concentrations in this region. In JJA , the higher concentrations appear to 

span all of the tropical longitudes but are shifted upwards over the Northern Indian 

region. This behaviour is consistent with tha t previously seen in 215 mb H20  and 

upper tropospheric humidity distributions [Chen et al., 1999; Stone et al., 2000]. The 

distribution of H20  at 6 8  mb is similar to tha t observed in previous measurements 

of 6 8  mb H20  provided by the MLS instrument [Clark et al., 2003], particularly the 

drier regions off the west coast of South America and over much of the Pacific and 

Indonesian region.

6 .1.4.2 Seasonal O3

Seasonal MIPAS O3 concentrations are presented in Figures 6.13 and 6.14. In DJF at 

215 mb, the O3 fields appear to be less variable tha t observed in Figure 6.5(c) although 

this is probably also an effect of increased longitudinal averaging. The observed 

O3 show a striking disparity over the South Atlantic Ocean in comparison to the 

Pacific and Indian Oceans with concentrations here almost half (approximately 0.05 

ppmv) in comparison to those over the South Atlantic (close to 0.1 ppmv). However, 

the corresponding estimated grid box error shows th a t in regions of lower O3, the 

estim ated grid box errors remain as large as 60 % or more in many of these cases. 

The South Atlantic O3 enhancement and some enhanced features over the south-east 

Pacific, however, yield estimated grid box errors generally less than 15 %. Ascending 

to 100 mb, there appear to be deep regions of low values with the O3 concentrations 

varying between 0.1 and 0.25 ppmv with corresponding estimated grid box error 

close to 60 % or more for some of these regions. Over the south-east of the Pacific 

Ocean close to the west coast of South America, and the Equatorial Atlantic Ocean, 

estim ated grid box errors are less than  20 %. At 6 8  mb, the 0 3 concentrations vary 

between 0 . 5  and 1 ppmv with the latter appearing close to regions where clouds have 

a higher occurrence frequency. For a large extent of the tropics, the estimated grid
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box error are less than 12 %. The behaviour shows much variability here with O3 

concentrations apparently elevated over South America however, with grid box errors 

close to 2 0  %.

In JJA , the enhanced O3 feature observed in D JF is still a prominent feature in 

the South Atlantic region with random retrieval errors less than 10 % at 215 mb. 

Similarly, the lower concentrations observed over the Pacific and Indian Oceans re

main but with some regions yielding lower random retrieval errors of less than 1 0 %. 

At 100 mb, MIPAS O3 concentrations appear to have increased in comparison to 

D JF  towards the northern hemisphere. There is also a display of a distinct bands 

of low O3 concentrations between 0.15 and 0.25 ppmv spanning across all tropical 

longitudes with estimated grid box errors between 20% and 60%. A distinct O3 en

hancement can be observed from the west coast of Africa, over northern Equatorial 

Africa and extending over the Indian Ocean with concentrations between 0.3 and 0.4 

ppmv, corresponding to estimated grid box errors less than 20 %. Another distin

guishable feature tha t has appeared in JJA  is a region of reduced concentrations over 

Saudi Arabia, Northern India and North west China between 25°N and 35°N. The 

corresponding grid box errors are close to 30 % increasing to 60 % or greater. At 

6 8  mb, the concentrations appear to be uniform and not as low as those observed in 

DJF. Recently, Folkins et al. [2006] examined the seasonal cycle of O3 in SHADOZ 

data  between 2 0 °N and 20°S and similarly found a cycle where O3 at 17 km were 

higher in JJA  compared to those in DJF. Also visible in MIPAS data is a feature 

of potential mixing with mid-latitude O3 appears over the South Asian subcontinent 

with more elevated estimated grid box errors close to 15 %.

The continual O3 enhancement observed in the upper troposphere in both seasons 

is consistent in terms of distribution with the zonal wave one maximum that has been 

reported by Thompson et al. [2003], Edwards et al. [2003] and Wang et al. [2006]. 

Similarly, the low upper tropospheric O3 concentrations observed over the Pacific 

and Indian Oceans in both seasons are consistent with the low 0 3 concentrations by 

observed in ozone sonde measurements over the Pacific by Oltmans et al. [2001] in 

other seasons.
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MIPAS LEVEL 2 03 Ot 68.1292 me MONTH DJF YEAR 2003
0-A<2.50000

(a) 6 8  mb concentrations

,00° o'tfS] 2000 25:0

(b) 6 8  mb estimated grid box errors

MIPAS LEVEL 2 03 ot 100 000 mb MONTH QJF YEAR 2003 
0-A<2 50000

MEAN RANDOM RETRIEVAL ERROR 03 Ot 100 000 mb MONTH DJF YEAR 2003 
Cl-A<2 50000

(c) 1 0 0  mb concentrations (d) 1 0 0  mb estimated grid box errors

; MONTH DJF YEAR 2 MEAN RANDOM RETRIEVAL ERROR

(e) 215 mb concentrations (f) 215 mb estimated grid box errors

Figure 6.13: MIPAS 0 3 for DJF at 68 mb, 100 mb and 215 mb cloud filtered with
CI-A threshold of 2.5 under scheme A. White regions in the data indicate missing
data.
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MIPAS LEVEL 2 03 ot 68.1292 mb MONTH JJA YEAR 2003
0-A<2.50000

MEAN RANDOM RETRIEVAL ERROR 03 ot 68.1292 mb MONTH JJA YEN? 2003
Cl-A<2.50000

(a) 6 8  mb concentrations (b) 6 8  mb estimated grid box errors

(d) 1 0 0  mb estimated grid box errors(c) 1 0 0  mb concentrations

(e) 215 mb concentrations (f) 215 mb estimated grid box errors

Figure 6.14: MIPAS 0 3 for JJA at 68 mb, 100 mb and 215 mb cloud filtered with
CI-A threshold of 2.5 under scheme A. White regions in the data indicate missing
data.
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6 .1 .5  R egional analysis o f M IPA S H 2O and O3

The examination of MIPAS H20  and O3 under the improved cloud filtering schemes 

have shown that in particular regions of the UTLS, despite the large retrieval uncer

tainty in MIPAS H20  and O3 in some regions, particularly near the cold tropopause, 

some robust features of enhanced or reduced concentrations can still be identified. 

Unfortunately, the enhanced cloud filtering also means tha t the number of fitted grid 

boxes reduce and the estimated grid box error also increases in accordance with the 

decreasing numbers in each box. Using this scheme also means tha t in some regions, 

no data  coverage is possible over many tropical regions due to a large number of con

tam inated scans being removed. Regions of potential interest tha t may be analysed 

using operational MIPAS tropical UTLS with additional cloud filtered data are:

1. The Western Pacific and Micronesian region for an indication of dehydrated air 

as shown by reduced H20  concentrations in the tropical lower stratosphere and 

tropopause [Holton and Gettleman, 2001].

2 . Equatorial Africa, Central and South America for possible biomass burning 

induced O3 enhancements in the upper troposphere [Diab et al., 2003].

3. Zonal wave-one activity over the South Atlantic basin to indicate regions of O3 

enhancement [Thompson et al., 2003].

4. North American and South Asian monsoon regions for analysis of H20  and O3 

fields in the tropopause region [Gettelman et al., 2004b].

In the following sections, the seasonal evolution of H20  and O3 fields in selected 

seasons and tropical regions in the UTLS layer are presented.

6 .1 .6  In vestiga tin g  th e  South  A tlan tic  O3 enhancem ent

The origin of the South Atlantic O 3 maximum is a well documented and a fine ex

ample of the merging of photochemical and dynamical processes [Valks et al., 2003; 

Edwards et al., 2003; Thompson et al., 2004]. In both continents surrounding the 

South Atlantic ocean, biomass burning occurs throughout the year and is a major 

source of O3 precursors such as CO, NO^ and VOCs [Sinha et al., 2004; Sauvage 

et al., 2007]. The motion of reactive pollutants into the upper troposphere through
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deep convective clouds can lead to a 3-4 times increase in O 3 concentrations and both 

South America and Africa are primary contributors to the south Atlantic O3 max

imum [Thompson et al., 1997]. Some of the O3 pollution in this region also travels 

eastwards towards the Indian Ocean although much of the lower O3 concentrations as 

observed in the Eastern part of the Indian Ocean. The large abundance of precursors 

close to the South Atlantic are thought to be recirculated in the anti-cyclonic flow 

th a t directs air towards the west coast of Africa prompting an O3 buildup. Some 

of the O3 is formed due to South American biomass burning tha t is also directed 

to this region of subsidence. Edwards et al. [2003] reported tha t O3 precursors that 

are em itted in northern hemisphere African burning during the dry season are actu

ally advected southwest towards and over the ITCZ and into the region of the South 

Atlantic. This effect is often called the South Atlantic “ozone paradox” .

The O 3 maxima is not attributed to African biomass burning alone: Martin et al. 

[2000] attribu ted  20 % of the tropospheric O3 observed in a fourteen year record 

of tropical tropospheric O3 columns over the South Atlantic to lightning induced 

NOx formation. It is possible tha t some of this signal could contribute to the up

per tropospheric O3 signature in this region. Recently, Chatfield et al. [2004] and 

Chatfield et al. [2007] found tha t some of this Atlantic upper tropospheric O3 could 

also be attributed  to convective lofting of O3 precursors from the Indian subconti

nent. Alternative suggestions were made earlier by Suhre et al. [1997] who observed 

0 3 -rich air of stratospheric origin in upper tropospheric air measurements obtained 

from MOZAIC aircraft flying near 1 2  km. Some of the 0 3 rich signal was observed 

near regions of cumulus anvil clouds and the downward transport of stratospheric O3 

was attribu ted  to either: 1 ) downward transport of 0 3-rich air in falling ice particles, 

following the overshooting anvil reaching the lower stratosphere or 2 ) quasi-isentropic 

transport of 0 3 -rich air entering convective regions near the aircraft.

In contrast to the signatures observed over the south Atlantic, 0 3 -poor air has 

been documented over the Pacific Oceans [Thompson et al., 2004] and are related 

to the uplift of clean 0 3 -free air associated with deep convection in these regions. 

0 3 concentrations are generally lower over the Pacific upper troposphere [Oltmans 

et al., 2 0 0 1 ] with reduced or near zero concentrations attributed to deep convection 

and horizontal transport and 0 3 destruction from photochemical reactions involving 

hydrogen radicals [Solomon et al., 2005].
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Here, the south Atlantic feature observable in MIPAS 0 3 in DJF and JJA is inves
tigated further. In Figure 6.15 upper tropospheric 0 3 in the region between 120°W 
and 60°E, 20°N and 40°S, covering the North Pacific, South Atlantic, South America 
and Equatorial African regions are shown for each season. The figures show that 
the south Atlantic 0 3 enhancement exists throughout the year with concentrations 
increasing in the SON season. The concentrations in this region tend to be at least 
40 % higher than those observed in the North Pacific Ocean. Similarly, the 0 3 con
centrations tend to be higher over Southern Africa, around 0.11 ppmv, extending over 
the continent, towards the Indian Ocean and Madagascar. The concentrations also 
tend to become enhanced over the South American region.

(b) MAM

(c) JJA (d) SON

Figure 6.15: Brazil and Africa 0 3 concentrations shown with the zonal wave-one 
regions of the South Atlantic and Pacific oceans

In Figure 6.16, a longitude versus pressure cross section from the Equator to 20°
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South is shown for each season. All seasons show a region of enhancement, of O3 

concentrations greater than 0.08 ppmv, between 40°W and close to 60°E. A similar 
O3 enhancement over the same region was observed in a seventeen year SAGE II 
O3 climatology [Wang et al., 2006] and in a four year ozonesonde climatology of 
SHADOZ ozonesonde data [Thompson et al., 2003], although in these studies, the 
O3 concentrations were closer to 0.045 ppmv. This behaviour of MIPAS showing 
concentrations higher than those observed by other instruments is consistent with 

the results of the tropical MIPAS O3 validation (against SHADOZ) performed earlier 
in this thesis.

O OOOOO -20-0000

(b) MAM

MIPAS L2 LONG M£AN 03 VMR LAT-MK LAT: 0.00000 -20.0000

(c) JJA (d) SON

Figure 6.16: Longitude-Altitude cross section of O3 from Equator to 20° South. Note 
the region of enhanced O3 close to the Greenwich meridian from 215 to approximately 
150 mb in DJF, MAM and JJA.

The vertical extent of the MIPAS 0 3 maximum, in comparison to the Pacific
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region can be seen further by analysing the southern hemisphere longitude mean 0 3 

concentrations on selected pressure layers in the tropical UTLS. Figures 6.17 to 6.20 

show the mean 0 3 concentration along the longitude coordinate at 215 mb, 147 mb, 

100 mb and 6 8  mb for each season. In each sub-figure, the black line corresponds to the 

mean of the retrieved concentrations, and the blue line corresponds to the estimated 

grid box errors in the chosen latitude band of 17.5°S, so tha t the variability close 

to the 0 3 maximum can be captured. Each sub-figure is labelled with the pressure 

level th a t it corresponds to. The top left hand plots of each figure shows the mean 

concentration, over all longitudes at the 215 mb layer. In all 215 mb plots, maximum 

concentrations occur slightly east of the Greenwich meridian and tend to become 

smaller on either side towards 180°E and 180°W. The corresponding errors give some 

indication of the estimated standard deviation one can expect from these features, 

with the removal of suspected clouds. It appears tha t for lower mean concentrations, 

higher estim ated grid box errors tend to occur although this is not always true (for 

instance MAM and JJA  at 215 mb). Some of this behaviour extends into the 147 

mb layer with a slight increase in concentrations. Despite regions of large estimated 

grid box errors, some definitive structure is evident at particular altitudes. Some 

indication of a wave-one like structure is evident in most of the 215 and 147 mb layers. 

The longitudinal variation of 0 3 at 100 mb appears to be much more variable with 

concentrations varying from 0.05 ppmv to as high as 0.3 ppmv, with estimated grid 

box errors often comparable to the actual retrieved concentrations. The difficultly in 

retrieving 0 3 near the tropopause was demonstrated in chapter four and is evident 

here in the random retrieval errors. At 6 8  mb (bottom right hand plot in Figures 

6.17 to 6.20), concentrations remain between 0.6 and 0.8 ppmv with some variability 

over the longitudinal range in DJF. In the JJA  season, concentrations tend to become 

slightly lower towards the east of the African continent near the top of the TTL/lower 

stratospheric region. In SON, the wave-one like feature is evident at 215 and 147 mb, 

however, such behaviour does not appear at 1 0 0  and 6 8  mb (similar to throughout 

the rest of the year). This would suggest that the source of enhancement might not 

be the stratosphere but rather enhanced production in the troposphere.

In order to examine whether South American and African biomass burning may 

be contributing to the enhanced MIPAS 0 3 feature over the South Atlantic, seasonal
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Figure 6.17: Vertical structure of SH O3 in DJF
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Figure 6.18: Vertical structure of SH 0 3 in MAM
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Figure 6.19: Vertical structure of SH O3 in JJA
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Figure 6.20: Vertical structure of SH 0 3 in SON
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MOPITT 2.5 gridded daytime 150hPa CO Sep Oct Nov 2003

(a) MOPITT CO at 150 mb

M O PITT 2 . 5  g r i d d e d  d a y t i m e  2 5 0 h P a  C O  S e p  O c t  N o v  2 0 0 3

- 135 - 9 0  - 4 5  0 45 90  135

(b) M OPITT CO at 250 mb

Figure 6.21: Global maps of M O PITT CO at 150 and 250 mb for SON 2003. Note 
the  CO enhancem ents visible over west coast of Africa. Courtesy of V. Kanawade, 
University of Leicester

maps of tropospheric CO measured by the M easurements of Pollution in the Tropo

sphere (M O PIT T ) instrum ent are analysed. In Figure 6.21, the data  for SON 2003 

a t 150 mb and 250 mb daytim e m easurements are shown. Enhanced CO features of 

concentrations greater than  100 ppbv are seen over South America and South Africa 

spanning directly across the South A tlantic Ocean a t 250 mb with evidence of this 

feature still observable a t 150 mb. Some higher CO concentrations (>90 ppbv) can be 

seen extending eastwards toward the Indian Ocean. A comparison of these high MO

P IT T  CO signatures appear to be coincident with the enhanced MIPAS 0 3 features 

observed in the  same season (Figure 6.15(d)) suggestive of the fact th a t the MIPAS
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O3 may be a related to the same processes during elevated CO over the Atlantic.

Overall, the patterns observed in the MIPAS O3 profiles are in agreement with 

the general consensus that broad O3 enhancements occur over the South Atlantic 

with reduced 0 3 concentrations over the east and west Pacific Oceans [Takashima 

and Shiotani, 2007]. The advantage of using MIPAS limb observations is tha t cer

tain features such as the vertical evolution of the O 3 maxima can be observed at 

each tangent height. The feature appears to have remained persistent throughout the 

year despite the larger errors associated with the measurements and the difficultly in 

sounding this region. From the longitude versus altitude cross sections, the lack of 

0 3 enhancements observed at 1 0 0  mb suggests th a t such features may be of tropo

spheric origin and therefore potentially related to the biomass burning rather than of 

stratospheric. Recently, von Clarmann et al. [2007] observed similar enhancements 

of O3 and C2 H6 from MIPAS data retrieved from the IMK operational processor and 

found these to be associated with a southern hemisphere biomass burning plume and 

not from a stratospheric source. The behaviour observed in the longitudinal cross 

sections (Figure 6.16) may suggest a similar reason for the enhancements observed.

6 .1 .7  E vidence o f m onsoon  signatures in M IPA S H 2O

In boreal summer, a deep, upper-level anti-cyclonic system develops associated with 

an elevated Plateau (>4 km) in Tibet to the north of India and covering a range of 

70-105 °E and 25 - 40 °N [Barry and Chorley, 1998]. This large scale topographical 

feature induces the summer monsoon season over Northern India. Similar monsoons 

are observed over Africa and North America due to continental sea breeze circula

tions. The North American and Indian Monsoons, with the Indian monsoon a more 

prominent and isolated event, is a direct example of stratospheric-tropospheric air 

exchange with rapid meridional transport of tropospheric air directly into the lower 

stratosphere bypassing the cold point tropopause completely, up to a maximum height 

of 30 mb [Dunkerton, 1995].

Several satellite observational studies have focused on the South Asian and North 

American monsoons and discovered enhanced H2 O concentrations due to the intense 

convective uplifting of moist air into the lower stratosphere. Randel et al. [2001] 

used nine years HALOE H20  and SAGE O3 data to show that H20  concentrations 

are similarly enhanced to greater than 4.6 ppmv in the lower stratosphere (390 K,
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approxim ately 83 mb) with simultaneous low O3 (less than 0.15 ppmv) regions in

dicating a strong coupling to the troposphere. These results were mirrored by the 

analysis of G ettelm an et al. [2004b] who showed 100 mb HALOE concentrations of 

H20  close to  5.25 ppmv over the summer monsoon and 4.6 ppmv over the North 

American monsoon region in July. Coincident 0 3 measurements from SAGE showed 

th a t O3 concentrations were of less than 0.2 ppmv over South Asia and close to 2  ppmv 

over North America. Their results compared well to MOZART model simulation of 

these fields, although HALOE was slightly drier than the model, and attributed the 

summer monsoon to be responsible for at least 75 % of the net upward moisture 

flux into the tropopause region. At the chosen levels observed here, the effect of the 

anti-cyclonic monsoon activity appears to have been captured suitably by the MIPAS 

measurements.

To determine whether monsoon effects can be observed in MIPAS operational H20  

measurements in the tropical UTLS, MIPAS H20  in particular seasons and regions 

are analysed.

Figure 6.22 shows latitude-longitude cross section of MIPAS H20  measurements 

over 0° to 40°N and 120°W to 120°E. Also shown are the corresponding O3 measure

ments for the same season and location. At 100 mb, regions close to North America 

and South A sia/China show enhanced H20  concentrations amidst regions of missing 

da ta  due to the cloud filtering. Higher up at 6 8  mb, concentrations remain close to 

5 ppmv over China, Northern India with similar concentrations over Mexico. The 

O3 fields over the same region at 100 mb show distinctive reduced O3 concentrations, 

close to 0.15 ppmv, over much of Northern India. Higher at 6 8  mb, the same region 

appear to show mixed concentrations and particularly interesting about this feature 

is th a t no distinction between the mid-latitude subtropical jet region and the tropics 

can be made.

The longitude mean cross sections, and vertical extent of these features, with 

their corresponding errors, for H20  and 0 3, are evaluated in Figures 6.23 and 6.24. 

Although it is quite difficult to distinguish obvious features in some of the regions, 

particularly those close to the Monsoon region, because of cloud filtering, the general 

enhancements or reductions can potentially be deduced from the data are available 

in these regions. Unfortunately, the mean longitudinal concentrations of H20  at 

215 mb are removed around 100°E over the Indian sub continent and 100°W over

234
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MIPAS LEVEL 2 NORTH AMERCA/SOUTH ASIA H20 o( 68.1292 m8 : MONTH JJA YEAR 2003
a-A<330000

(b) H20  at 6 8  mb(a) H20  at 1 0 0  mb

: MONTH JJA YEAR 2003 MiPAS LEVEL 2 NORTH AMERCA/SOUTH ASIA 03 ot 68.1292 mo : MONTH JJA YEAR 2003

(c) O3  at 100 mb (d) O3  at 6 8  mb

Figure 6.22: H2O and O3 at 6 8  mb and 100 mb in JJA over the North American and 
Summer Monsoon regions. The figures show potentially elevated H20  regions close 
to the Asian Monsoon region with a corresponding reduction in 0 3 concentrations at 
1 0 0  mb.

the North American Monsoon region where elevated H20  concentrations would be 

expected. Certainly at higher altitudes, at 100 mb, there appears to be some evidence 

of increased H20  concentrations over North America and Asian monsoon regions with 

concentrations greater than 5 ppmv with corresponding random retrieval errors low 

in these regions.
Recently, Milz et al. [2005] observed enhancements of H20  over the Arabian Penin

sula in JJA  at 18 km and attributed such enhancements (VMR > 5 .5  ppmv) to the 

Summer Monsoon in the IMK retrieved H20  product that is flagged using a Cl-A 

threshold of 4.0. The feature observed here, in the operational data with more strin

gent cloud filtering does not appear to be as enhanced as that observed by Milz et al.
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Figure 6.24: Vertical structure of NH 0 3 in JJA
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[2005] (here it is closer to 5 ppmv) and this difference is potentially due to the different 

cloud filtering schemes applied between the two datasets.

6 .1 .8  S um m ary

The results presented here evaluated the performance, in terms of estimated grid box 

errors and average retrieved concentrations, of the operational cloud filtered MIPAS 

data  against the cloud filtering schemes presented in chapters four and five. The 

m ethods used were formulated to manipulate the operationally retrieved MIPAS data 

in a region where H20  and O 3 retrievals are inevitably affected by high cloud presence 

as well as large retrieval errors. Based on the evidence of cloud effects as well as the 

performance of MIPAS H20  and O3 from previous chapters, more stringent cloud 

filtering schemes were applied to H20  and 0 3. The two major caveats related to this 

are: a) often a significant amount of data  (sometimes up to 40 % more data compared 

to operational data) are removed from the operational dataset meaning that regions 

where dynamically or chemically induced features may be observable were in fact 

inaccessible and b) the estim ated grid box error becomes “worse” with the removal 

of da ta  points from the analysis.

Conversely, the application of more stringent cloud filtering results in the removal 

of potentially cloud biased data  points and impacts the calculated average concen

trations observed in the seasonal distributions shown in Figures 6.11 to 6.14. Calcu

lations of apparent cloud top pressures and cloud occurrence frequencies have shown 

th a t clouds are present continuously, often with occurrence frequencies greater than 

80 % in the tropical UTLS. Nonetheless, it is possible to use the operational data for 

analysis of the tropical UTLS region however, knowledge of the cloud index and cloud 

distributions are im portant tools tha t must be used in conjunction with the data.

To summarise, MIPAS L2 data  used to examine H20  and O3 fields in the tropical 

UTLS were used to show:

1. Regional variability in H20  and 0 3 concentrations were observed at 215 mb, 100 

mb and 6 8  mb in the operationally cloud filtered data and the corresponding 

estim ated grid box errors often showed similar variations at each altitude.

2. The effects of the two proposed cloud filtering schemes were compared to the
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operationally filtered MIPAS H20  and O3 data. These schemes involved re

moving the altitude above the cloud altitude and conversely, only removing the 

cloud affected altitude.

3. From these two schemes, it was seen tha t at 6 8  mb, apparent dehydrated H20  re

gions were removed following a more stringent cloud filtering and for O3, regions 

of apparent enhancements such as over the Central America were removed.

4. For H2 0 , using a more stringent cloud filtering maintains estimated grid box 

errors of less than 10 % at 215 mb and estimated grid box errors less than 

approximately 7 % at 6 8  mb.

5. For O3, using a stringent cloud filtering scheme maintains the majority of the 

estim ated grid box errors at 215 mb to a level less than 30 % and at 6 8  mb, 

the estim ated grid box errors tend to be less than 20 %. However, some O3 

measurements suffer from large estimated grid box errors (often larger than 

60 %), particularly around colder temperatures.

6 . The consequence of using a more stringent cloud filtering is a reduction in the 

number of data  points meaning tha t the precision also decreases relative to this 

reduction in the number of samples. This can make it difficult assess the impact 

of the more suitable cloud filtering on the random retrieval errors.

7. MIPAS H20  and O3 concentrations through the UTLS are observed for DJF 

and JJA  in 2003 at the 215 mb, 100 mb and 6 8  mb layer. For H20  in DJF, much 

of the data  are removed over the Pacific cold trap  region, the south American 

and African continents and much of Micronesia at 215 mb due to increased 

cloud filtering.

8 . Following the application of more stringent cloud filtering schemes, some fea

tures in seasonal MIPAS H20  and O3 were observable such as apparent regional 

dehydration in DJF at 6 8  mb over the west Pacific, Africa Brazil. Widespread 

drier concentrations at 100 mb in D JF compared to more variable, wetter con

centrations in JJA.

9. For O3, regions of low values can be observed throughout the tropics with 

evidence of enhancements over Brazil at 100 mb and 6 8  mb in DJF. In JJA,

238



higher concentrations of O3 can be observed north of equator, possibly related 

to the ITCZ movement with some apparent low concentrations over the Summer 

Monsoon region. A similar band of low O3 region can be observed at 6 8  mb.

1 0 . Two regions where apparent features of enhancements can be seen are the zonal 

wave-one O3 maxima and the South Asian Monsoon region. Both regions were 

analysed here and it was found that the 0 3 maxima persists throughout the 

year and appears to be significantly stronger in the SON season. M OPITT CO 

maps for the same season verify that pronounced biomass burning in the exact 

same region and time can be observed. Longitude vs. altitude cross sections 

suggest th a t the source of this feature is likely to be tropospheric.

Features of enhanced H20  were examined for the Summer Monsoon period and 

in relation to features observed in the IMK MIPAS H20  retrievals [Milz et al., 

2005], high H20  was observed but not to the same magnitude of tha t observed 

in the IMK case. O3 fields over the same region showed low O3 concentrations 

suggesting th a t uplift of low O3 could be the reason for such values.

11. Using these methods are the only way to manage the operational pre-processed 

data  to obtain “accurate” near-clear sky estimates of two species tha t are heavily 

affected by chemistry and dynamics in this complex region.

12. W ith knowledge of how the retrievals are affected, we can make recommenda

tions on how to improve the data.
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C hapter 7

C onclusions and future work

7.1 Summary of conclusions

In this thesis, the aim was to examine H20  and O3 distributions measured by the 

MIPAS instrum ent from the ENVISAT platform in the tropical UTLS, a region where 

both H20  and O 3 concentration profiles have sharp vertical gradients, and where a 

variety of clouds exist, often persistently and reaching high altitudes. In particular, 

the aim of this project was to examine whether tropical UTLS distributions of these 

gases, in both “clear sky” and thin cloud conditions, could be inferred from profiles 

retrieved from the infrared measurements made by the MIPAS instrument.

The work undertaken in this thesis was based on the offline (i.e reprocessed) 

operationally retrieved MIPAS versions 4.61 and 4.62 data. No additional data were 

retrieved in this analysis and all results focussed on analysis of the operational offline 

dataset. As necessary, before the data can be used for scientific interpretation, a 

major part of this thesis has been concerned with an assessment of the factors tha t 

could affect the quality of the data and how the impact of these factors lessened 

post-processing. The analysis performed followed three distinctive routes that will be 

discussed in turn  below with a short summary of the main findings and their scientific 

application to MIPAS data.

In chapter four, following an evaluation of cloud statistics for the tropical UTLS 

region and the cloud removal technique used operationally by the L2 processor, the 

impact of clouds on the retrieved products from the L2 processor was investigated. 

The focus of this part of the study was to examine how clouds, given a definition of
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cloud index values from MIPAS band A (CI-A), propagate into the retrieved products 

due to  their contributions to the measured radiances. This is the most comprehensive 

study so far th a t has examined such an effect for the operational MIPAS processor.

The exam ination of the impact of cloud on MIPAS L2  retrievals of H20  and 0 3 

using model simulations of representative cases for MIPAS retrievals has revealed 

a num ber of results; as postulated, the current cloud detection thresholds do not 

sufficiently allow the effects of thin clouds to be removed from the operational MIPAS 

product and:

1. For H2 O, it was found th a t concentrations tended to be enhanced in the presence 

of cloud and were simultaneously negatively biased above the cloud. These 

deviations in the profiles from expected climatology appeared to enhance the 

instabilities already present in the retrievals.

2. For O 3 the results obtained showed th a t the retrieved concentrations in these 

regions are dom inated by a combined effect of atmospheric conditions (i.e colder 

tem peratures in this region), low concentrations and increased random error 

and th a t the prim ary effect of cloud tended to make the random retrieval error 

larger. Systematic cloud effects will be present but are masked by the random 

error on the profile.

3. In term s of improved cloud filtering, a suitable CI-A threshold suggested to 

remove these effects was 3.5 for H20  with removal of the cloud-affected sweeps 

a t CI-A <3.5 and the altitude above. This allowed the systematic bias on the 

H20  of more than  5 % at the cloud altitude and more than 10 % above the 

cloud altitude to be removed. At 18 km, a CI-A of 2.5 or larger, would allow 

profiles w ith a cloud induced systematic bias larger than  1 0  % to be removed. 

For more stringent clearing, a CI-A of 3.5, th a t allows almost no deviation, 

would be suitable.

4. A CI-A value of 2.5 or larger from the cloud tests suggested tha t for 0 3, the 

random  error would remain approximately within 2 0  % at 1 2  km (and 1 0  % at 

18 km) of expected clear sky error. In all cases, the estim ated systematic biases 

and the random  retrieval errors were found to improve using this threshold 

in comparison to  the cloud effects observed at values close to or equal to the 

operational cloud filter of 1 .8 .
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The cases presented in this section were representative cases for the operational 

MIPAS data  set for the tropics and the results from this analysis were then applied 

to an intercomparison study of MIPAS H20  and O3 with correlative solar occultation 

and in situ instruments in chapter five. Both the operationally and extra cloud 

filtered MIPAS H20  and O3 profiles were compared to profiles from the HALOE 

version 19 dataset, to ECC ozone sondes from the SHADOZ network and Vaisala 

radiosondes launched on the Explorer of the Seas. A comparison of the performance 

of the operational and cloud filtered data showed th a t in all inter comparisons, for 

both H20  and O3, the impact of using an increased cloud filter improved the bias 

between MIPAS and correlative instruments, which was almost always observed to 

be positive in relation to the comparison data.

For Vaisala radiosondes, the comparisons were good close to 200 mb and 80 mb 

with differences often less than 10%. However, it was difficult to assess the quality 

from these comparisons at the tropopause and the lowermost stratosphere, for two 

main reasons: a) the radiosondes performed inadequately in the lower stratosphere 

where humidity is low and often the associated error increases and b) the applied 

corrections are affected by the cold temperatures near the tropopause in which case 

they often resulted in unrealistically low concentrations and c) the statistical rep

resentation of the Vaisala radiosondes was often poor in some cases. The Vaisala 

and MIPAS comparisons however highlighted some of the difficulties encountered by 

both limb sounders such as MIPAS and in situ instruments in observing the tropical 

tropopause region.

Generally, for MIPAS H2 0 , comparisons to HALOE showed a better agreement 

close to 215 mb when using a cloud index 3.5 (and altitude above) for cloud filtering. 

W hen compared to the corrected Vaisala radiosondes, using a CI-A threshold larger 

than  the operational also improved the agreement between the two. At altitudes 

higher than 80 mb, generally the varying schemes used (with and without removal 

of the altitude above) did not change the agreement drastically between MIPAS and 

HALOE and the differences remained within 20 % at 80 mb and 10 % at 50 mb.

For O3, the primary data set were the SHADOZ profiles. The results showed 

that the more stringent cloud filtering schemes certainly improved the agreement 

between MIPAS and SHADOZ close to 215 mb (within 10 %), with some marginal 

improvements (within 13 %) observed at 50 mb. However, in the MIPAS O3 SHADOZ
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comparisons and in all comparisons in general (including MIPAS H2 0 )  with correla

tive instruments, agreement was worse, and remained unchanged with increased cloud 

filtering near 150 mb suggesting that, MIPAS as well as both HALOE and the in situ 

instruments, perform poorly here (high random errors; uncertain bias). The colder 

tem peratures and sharp gradients of both gases may well be the dominating factors 

controlling the errors in the retrieved concentrations observed here.

For MIPAS O3 , the comparisons to HALOE O3 showed th a t MIPAS was con

sistently higher than  HALOE and tha t under the cloud filtering schemes, the data 

were in closer agreement to HALOE at 215 mb with not much difference observed 

at 150 mb. Above these pressure levels, using the improved cloud filtering changed 

the agreement marginally and the differences between the two instruments remained 

within 80 % close to 80 mb and within 30 % at 50 mb.

Overall, the intercomparisons with in situ instruments highlighted th a t in some 

regions, for example close to 215 mb, MIPAS H20  and O3 compared well, however, 

a t pressure levels close to the tropopause, the agreement was poor, throughout all 

comparisons, and for both species, highlighting the difficultly faced by the MIPAS 

instrum ent in sounding close to the tropopause. From the HALOE measurements, a 

low bias in the version 19 H20  and O3 data was found at the tropical UTLS levels 

similar to those observed by previous authors [Harries et al., 1996; Borchi et al., 2005].

A prim ary conclusion from this chapter is tha t both MIPAS H20  and O3 are 

generally high biased in the tropics, however, with application of the improved cloud 

filters, these biases can be reduced.

In chapter six, the improved tropical cloud detection schemes, based on the evi

dence of detrimental cloud effects on the retrieved profiles of both species discovered 

in chapter four, were applied to the operational MIPAS data for the purpose of ma

nipulating and removing cloud effects from the given operational L2 data. As MIPAS 

H20  and O3 concentrations are variable in the tropical UTLS, and this variability 

has been attributed to cloud presence, the application of improved cloud filters was 

an im portant step in removing cloud-induced biases and variability. Using the con

servative 3.5 sab and 2.5 sab modes for H20  and O3, respectively, where the ‘sab’ 

data  scheme removed data points with CI-A less than threshold and removal of the 

altitude above, it was found tha t averaged H20  and O3 concentrations were modified 

in accordance with the expected cloud effects. For example, close to 6 8  mb, low H20
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concentrations, th a t could be construed to be apparent dehydration, were removed 

following the improved filtering. The estimated grid box, with apparent cloud top 

pressures and cloud occurrence frequencies act as useful tools to ” track” possible 

cloud effects. Increasing the cloud filter however, results in a reduction in the number 

of data  points meaning tha t the precision decreases relative to this reduction. Given 

th a t the estim ated clear sky precision in this region is often high (from Oxford Uni

versity estimates, H20  at 15 km has a random error of 25 % and O 3 a random error 

of 57 %), it can be difficult to assess the impact of the more suitable cloud filtering 

on the estimated grid box errors.

Despite the variability of the MIPAS data in this region, particularly for O 3 ,  

and the removal of MIPAS data over the tropics following cloud filtering, regional 

variations in both species can be observed, where data are available. Such features 

were: a) a pronounced O 3  enhancement over the South Atlantic, with simultaneous 

low O 3  concentrations observed over the Pacific ocean, suggestive of zonal wave- 

one behaviour observed by the MIPAS instrument, and b) regions of enhanced and 

reduced H20  concentrations throughout the tropics, particularly close to the northern 

hemisphere Summer Monsoon region.

From the analysis, no indication of a “chemopause” or “hygropause” could be 

determined from MIPAS data, most probably due to the 3 km vertical resolution of 

MIPAS th a t is unable to resolve layers in the U TLS/TTL, and also due to the high 

random errors for O3 .

7.2 Recommendations for future work

In relation to the work performed in this thesis, several recommendations for im

provements and further work can be made here, tha t are summarised below:

An extension of the analysis of cloud propagation into MIPAS retrievals would 

include the examination of cloud effects at 15 km, allowing a more conclusive idea of 

how clouds a t the tropopause can affect MIPAS H20  and O3 retrievals. An im portant 

addition to this work would be to perform a more extensive study, using the same 

principles, tha t includes investigation of cloud effects on other L2 species, and other 

geographical regions such as at the poles, where high altitude PSCs can potentially 

affect retrieved quantities. Here, single case studies were performed and although they
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can be taken as representative of the L2 processor response to clouds, a larger scale 

study would allow better representation of the cloud effects on the MIPAS dataset.

Based on the cloud analysis performed, it is recommended th a t MIPAS data  users 

screen tropical UTLS region data with the proposed cloud filters, however, ultim ately 

the choice of CI-A relates to three factors tha t are: a) the data  coverage requirements, 

meaning th a t for a better coverage, a lower CI-A would be more suitable and, b) the 

requirement for better representation of clear sky MIPAS measurements in which case 

a higher CI-A threshold for clearing is needed, and c) the systematic errors th a t can 

be tolerated for the application. It is also imperative th a t users of the operational 

da ta  consider the effect of cloud error propagation into the altitudes above the cloud 

particularly, as clouds have been found to emphasise the already-present instabilities 

in the retrievals.

In term s of the MIPAS L2 retrieval, the cloud effects shown in chapter four have 

dem onstrated tha t position of the cloud in relation to the tropopause is im portant. 

Therefore, perhaps differential cloud clearing for these species, above and below the 

cold tropopause, may be better representative of the cloud effects tha t have been 

shown to occur in MIPAS retrievals. Most importantly, the cloud effect analysis 

have dem onstrated tha t the current CI-A threshold is too low to fully remove cloud 

contam ination and tha t the threshold should be increased.

O ther retrieval effects tha t should be taken in account, tha t may in fact have a 

worse or comparable effect to clouds is the treatm ent of the remaining profile after 

the cloud altitude has been removed from the profile. This effect is analysed using 

the 1 2  km cloudy and clear sky spectra used in chapter four.

Figure 7.2 shows the 12 km test case where a cloud was imposed at 12 km in the 

H20  and O3 profiles. In these tests, the retrievals are started with a lower altitude of 

15 km and results compared to the clear sky retrieval. The H20  profile shows th a t 

the removal of the cloud scan can also produce a bias in retrieved profiles when lower 

altitude spectra are not included in the retrieval.

These tests were necessary to examine and quantify how the operational da ta  in 

the difficult to observe tropical UTLS region could be improved. The tests have also 

highlighted potential issues with the L2 retrieval code, namely the stability of the 

retrieval, tha t becomes highly compromised when a cloud is present in the FOV.

An im portant factor about the MIPAS L2 retrievals tha t has been highlighted by
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Figure 7.1: H2 O and O3 retrieved by the ORM with and without a cloud at 12 km

this study is the difficulty that the MIPAS retrieval encounters when retrieving these 

gases near the region of the cold tropopause. This was highlighted in the clear sky 

0 3 retrievals that suggested that the clear sky retrievals could in fact be lower than 

the cloud cases close to the tropopause region.

The selected cloud indices can only remove the expected biases and loss in certainty 

on H20  and O 3  concentrations. However, for MIPAS measurements around the UTLS, 

and for all limb sounding instruments, the limited accuracy and precision will always 

be a constraint on achieving accurate observations of trace gases in the tropical UTLS.

In terms of the intercomparisons of tropical UTLS data performed in chapter five, 

an important addition to these tests would be to perform a more extensive validation 

study, based solely on the tropical UTLS, incorporating other satellite instruments 

such as SAGE II, ACE-FTS and ODIN-SMR. A further useful comparison could be 

to the EOS-MLS instrument on the AURA satellite as clouds appear to be relatively 

transparent in the microwave region. However, this would have to be conducted with 

the reduced resolution data as the MIPAS nominal mode data and EOS-MLS data do 

not overlap temporally. Also the variation of concentrations in the true atmosphere 

in clear and cloudy conditions would be taken into account.

Ideally, validation of MIPAS data in the tropical UTLS should be performed with
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large data  sets of closely matched profiles particularly for H20  tha t varies greatly in 

the atmosphere and can be difficult to validate. Validation programs should be carried 

out with a synergistic approach incorporating both in situ  and satellite measurements 

particularly as in situ instruments can resolve the fine scale structure with lower 

measurement errors and satellites can provide greater coverage remotely.

Certainly, for general improvement of MIPAS retrievals, and for application toward 

future infrared limb sounding missions, long term  validation of H20  and 0 3 data  in 

the tropical UTLS region is a valuable exercise tha t should be carried out in both 

clear sky and cloudy conditions.

In situ instruments such as radiosondes and ECC ozone sondes are an im portant 

source of tropical UTLS data and have been used in many studies of this region [Get- 

telman et al., 2004b; Takashima and Shiotani, 2007]. The SHADOZ network is excel

lent source of in situ data  however, it could benefit from more regular measurements 

and certainly more measurement sites in the tropics. Although most meteorologi

cal stations make regular radiosonde launches, it is imperative tha t data providers 

document factors such as radiosonde type and serial number because these can have 

an im portant impact on the interpretation of the data. Radiosondes still require 

considerable improvement near the cold tropopause.

From the seasonal analysis performed in chapter six, there are many limitations 

using the current operational data  and the proposed schemes. The most significant 

of which is the loss of data following increased cloud filtering. However, the cloud 

filtering does provide some degree of confidence for the retrievals in these regions and 

where data  coverage permits, the relationship between H20  and 0 3 can be analysed, 

particularly for the summer monsoon region, where correlations on theta  levels could 

be indicative of stratosphere- troposphere exchange. Similarly, regions of dehydration 

th a t are expected over Indonesia and the Pacific, could be used in conjunction with 

3D trajectory models to trace the origin of the air and the timescales tha t transport 

processes in the UTLS region take. Trajectory analysis would also verify tha t the 

suggestion of a tropospheric source for the observed O 3  enhancement in SON could 

be due to the African biomass burning observed in the same season.

Retrievals of cloud properties directly from the MIPAS data  to indicate types of 

clouds in particular regions, used in conjunction with MIPAS H20  fields could help 

distinguish whether particular dehydration events are due to transport processes or
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cirrus interactions.

Infrared measurements provided by the MIPAS can potentially, with the correct 

manipulation be indicative of near “clear sky” (and thin cirrus) estimates, for H20  

for example and better quantify the radiative effects and the gradient of H20  in the 

UTLS.

Overall, observing the tropical UTLS region using the MIPAS instrum ent is a 

complex task because of many factors tha t affect the quality of the retrievals in this 

region. Improvements to the MIPAS retrieval and the new MIPAS “RR” mode will 

improve the sampling and the stability of the retrievals in this region, however, the 

random error associated with these data may still remain to be large.
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