Modelling Mesopaus€eEE © Emissions using a

Global Circulation Model

Maynooth
University

National University
of Ireland Maynooth

A thesis submitted to
Maynooth University
for the degree of
Doctor of Philosophy

September2015

PresentedBy
DeanJ. McCarthy, B.Sc.
Department of Experimental Physics

Facultyof Science and Engineering

Head of Department: Prof. J. Anthony Murphy
Research Supervisor: Dr. FrankJ. Mulligan



Table of Contents

Table of Contents

Chapter 1:  General Introduction, Literature Review and

Background Theory

1.1 INEFOTUCTION ..ttt 1
1.2  TheAIMOSPNEIE......ccoi it eeeee e 2
1.2.1 The TropOSPNEre......ccccciiiiiiiiiiee e 3
1.2.2 The Stratosphere........ccccoovviiiieiiiiiieeee e 4
1.2.3 The MESOSPNEIE....uuuueiiiiii e eeeeeee e 5
1.2.4 The Thermosphere..........cooooiiiiiiiiimeee e 6.
1.2.5 The EXOSPNere.......ccoooiiiiiiiieeee e 6
1.2.6 The Homosphere and Heterosphere...........ccccceeeeeeeeeeeees 6
1.2.7 The lonoSPhere ... eeees 7
1.2.8 Geomagnetic Activity and Particlereciptation ............... 11
1.3 THE MESOPAUSE.......uuiiiiiiiiiiiiiieeeieeeiitbet et e e e e e e e e s emme e e e e eens 13
1.3.1 Chemistry of the Mesopause.........cccceeeviieeeeeeceeecccenn, 15
1.3.2 Gravity WAVES..........uuuuueiiiiiie e e ceeeiiiie e e e e eeeeaeeens 18
1.3.3 Planetary Waves.........cccoooeiiiiiiiiiiicee e 20
R S o [ 23
1.3.5 The Mesopause ANOMaly............cceeeeeeviiiiieeeeeeeeeeeeee, 25
1.4 Atmospheric Heating..........ccceeeeiiieiie e e eeeeeeen 27
1.5  AtMOSPheric COONNG........uuuuiiiiiiiiiiiiiiieeeeieeeeee e 32
1.6  Atmospheric Modelling........ccooovviiiiiiiiiiii e 35
1.7 Gener al Circul at.i.o.n....Mo.d.e.l..s..36GCMb s)
1.8 Basic Physical PrinCiples........ccccccoeeeeiiiiiiiieeee e, 39
1.8.1 The Hydrostatic EQUAatiON.............ccooeviiiiiiiiicccee e 40
1.8.2 Geopotential..........cooeveiiiiiiiiceee e 40
1.8.3 The Equation of State.............euvviiiiiiiiiiceeiiiiiiiieeceeeeenn 41
1.8.4 The First Law of Thermodynamics...........ccccceeeveevvvieeen. 42
1.8.5 The Adiabatic Lapse Rate.........cccceuviiiiiiiiiieemieiiiiee e 43
1.8.6 The Equations of Motion.............cccccvvvvvvvvieenneeeeeeennnnn 44
1.8.7 The Continuity Equation..............cceeeeiicciieenn e 46
1.9  Chapter ISUMMAIY......ciiiiiieiiie et e e e e e esmmmeeennd a7



Table of Contents

Chapter 2. The Coupled Middle  Atmosphere and
Thermosphere Model (CMAT?2)

P20 R [ o1 o o 1§ [ox i o PO PPPPPPPRPPPRR. o
2.2 CMAT2 Model History and Development..............ccceevvevvvvienn. 49
2.3 CMAT2 Model ASSUMPLIONS........ccevrrrriiiiiiieesemeeneennnine e 50
2.3.1 Local Thermodynamic Equilibrium...................ccevvvieen. 50

2.4  The Fundamental EQUALIONS...........uuuiiiiiiiiiiieeniiieiieeeeeeeeee e 51
2.4.1 The Continuity Equation (Conservation of Mass)......... 51

2.4.2 The Momentum EqQUation............cceeevviiiiiiiieenne e 52
2.4.2.1The Coriolis TermM......cccceeeeeiiiiiiiiieeee e 52
2.4.2.2Acceleration Due to Gravity..........ccceeeeeviiiiiiiees 53

2.4.2.3The Pressure Gradient Term........cccceeevveeeeeeeen. 54

2.4.2.4The VisCOoSity TeIrM.........cvvvvuiiiiiiieeeeceeeiiinnn 54
2.4.2.5Thelon Drag TerM.....ccccoeeeeeeeeiiiiieeeieeee e 54

2.4.3 The Energy EQUAtioN............ccoooviiiiiiiiicee e 58

2.5 The Lagrangian DerivatiVe..............oooooeiiiiiimmmn e 59
2.6 The Coordinate SYStEM..........uuuiiiiieiieeeeceeeicie e e 60
2.7  Transformed EQUALIONS............ccooiiiiiiiiiiiieee e 62
2.7.1 The Hydrostatic EQUALION............eeeeiiiiiiiiiiiieeniiiiieeeee 62

2.7.2 The Pressure Gradient...............uuueeiiiiiiccmeeeennnnnnnnnnnn 62

2.7.3 Vertical VEIOCItY ........uuiiiieiiiieieiiiiieeeei e 62

2.7.4 The Perfect Gas LaW.........cccoeevviiiiiiiiiiceee s 64

2.7.5 The Continuity EQUALION............coooviiiiiiiiiiiccee e 64

2.7.6 The Momentum EqQUAatioN..............eeeeeeeiiiiiiieemieiieinneen 64

2.7.7 The Energy Equation...............ccooovvrviiieeeee e, 65

2.8  The CMAT2 Model Grid..........cccuviiiieeiiiiiiieeeiiee e 66
2.9  Numerical Integration Method..........ccccccoeiiiiiiiiccc 67
2.10 Numerical INnStabilities............ccovviveeiiiiiiimr e 69
2.11 Model Parameters............uuuvuuiiiiiiiieeseiiiiiiiiinseeeeeeeeeeseeesennnne e d O
2.11.1 Coefficients of Thermal Conductivity...............ccoeeeeeeenn 20
2.11.2 Coefficients of VIiSCOSItY.......ccccccevvveeeeiiiiiiiccceeeeeeeeenn 0
2.11.3Magnetic Field..........cooorriiiiiiiiee e 71
2.11.4 ElectricField and Patrticle Precipitation Models............ 71
2.11.5 High Latitude lonospheric Model..............ccccceeiiiiiieeen. 72



Table of Contents

2.12 Chemistry and COMPOBON .....ccvveeeeeeeeeiiieiieeeieeee e e e e e 172
2.12.1 Chemical Families............coovvereiiiiiriimmneeeeeeeeiiiiiniienneen ol
2.12.1.1 Odd Oxygen / I Q& R, 78

2.12.1.2 Odd Hydrogen ( / ( ©0e Q(we @ ... 81

2.12.1.3 Odd Nitrogen-. / . /0O QY ... 83

2.12.2 Atomic NItrogen. 3 ... 85
2.12.3 Atomic Nitrogen.  $ .o 86
2.12.4Water Vapoul( [ ....ooooeeiiiiiiiiiieeee e 86
2.12.5 Molecular Hydrogerf ........ccccoooiieiiiiiiiiienneeeeeen 86
2.12.6 MEthaNEH ( .evvvveeiiiiiiiiie e ccieesriee e nnees 87
2.12.7 Carbon DIiOXid&? | ..ooovvvieeeeeieiiieeeeeeee e 87
2.12.8 Carbon MonoxXidef /...........ccoeeiiivviiniiimennseieieeeeee 87
2.12.9Helium ( Ao 87
2.12.10I0N CREMISTIY....uvieiiiiiiieieee e e 87
2.12.11StartUp Constituent Climatologies/Initial Conditions...88

2.13  ENEIQELICS..coiiiiiiiiicii et eeer e 89
2.13.1 Solar IrradianCe............uuvuiviriiiiiiiieeeiiiiieieeeeeeee e e e ean 90
2.13.2 Photoionisation and Dissociation.............cceeeevvvvvvieenn.n. 91
2.13.3 Solar Heating.........cooooeiiiiiiiiireen e 92
2.13.4 The Thermospheric Heating Routine.......................... 92
2.13.5 The Mesospheric Heating Routine................cccvvvieeee. 94
2.13.6 Mesospheric Heating Efficiencies..............ccccuvvviiiieeenes 96
2.13.7 Atomic Oxygen CooliNg.........ccoovveiiiiiiiiiiiiccee e 96
2.13.8. / Radiative COOlING.........cuuuiiiiiiiiiiiiiiiieeeieeieeeeeee e 96
2.13.9# [ COO0lNG ..evviiiiiiiiiiieei e 97
2.13.10/ COOlING wrrvviiiieiiiee et 98
2.13.11Exothermic Chemical Heating.............cccooovvviiiicceeeenn. 98

2.14  DYNAIMICS ...ciieiiiiie et eeeee e e enees e e e e a e e e Q9
2.14.1 Lower Boundary FOrcing...........ccoeevvviiieeiiiceeeeeeeiieeee 99
2.14.2 Tidal FOrCiNg.......coooiiiiiiiiiieeee e 99
2.14.3 Gravity Wave Paramelisations.............cccccccvvveeeeeeieaneen. 100

2.15 Major Species TranSPOLL........ccoveevviiiiiie e eceeer e e 103
2.15.1 Molecular DiffusionCoefficients .............ccceeveiiiiiieriennes 104



Table of Contents

2.15.2 Eddy Diffusion Coefficient.............oevvvviviiiiicceeneeinnns 105
2.16 Minor Species TranSPOIL........ccoouviiiiiiiiiiiieeee e 105
2.16.1 Minor Diffusion Coefficients...............uuvueieiiiiiicasennnnns 105
2.17  Chapter ZSUMMAIY........cuuruuuiiiiiiiee e e e eeeerinnnssas e e e e e eeeeseeesaeeenens 106

Chapter 3:  The Hydroxyl Radical (OH)

G 200 R [ 011 o o [8 [ i) o U PPPPPT 107
3.2 The Hydroxyl Radical/ ( ....ccoeeeeiiiiiieieeeeieeee e 108
3.3  The Vibrationally Excited Hydroxyl/ (¢ ....cccocvevveeeiieeerneene. 115
3.4  Production and LOSS Bf (© ...c..coovveriiieeirie e 120
3.5  ENErgy LEVEIS......iiiiiiiiiieieeeet ettt 124

3.5.1 Electronic Energy Levels.........cccooovviviiiiiiicceeeeeeiiiinns 125

3.5.2 Vibrational Energy Levels.........ccccoeeviieiiieiiiieeeccceeee. 127

3.5.3 Rotational Energy Levels...........cccccvviiiiiiiieesiiiiiiiieee, 132
3.6 SPECIA....ciii i 133
3.7 The Dipole MOMENL..........ooovviiiiiiiii i eeeees 136
3.8  Determination of the Dipole Moment................cceevvvvieeenenn. 139
3.9 Determination of the Einsteid Coefficients...............ccuvvveeeee. 140
3.10 Diurnal VaiationSin / (% ..eeeeeeveeeeeeiee e 142
3.11 Seasonal Variation8 / (© .c.cceoeevveeeieiiee e 149
3.12  Global VariationSn /  (© ....ccoeveeieiee e 154
3.13  Chapter SSUMMAIY.......ccciiiiiiiiiiiie e e e 161

Chapter 4: The One Dimensional (1D) Model of Vibrationally
Excited Hydroxyl "EE *

St R 1 1 £ Yo [§ o 1o o PSP 163
4.2  BasicEquations of the MED Model .........ccoooeeiiiiiiiiiiiiceen e, 166
4.3  Production and LosSquations of the MD Model .................. 168
4.4  Study 1: Initid Testing of the M1D Model ............cccccvvvvvinnee. 173
4.5  Study 2: MID Model Sensitity to Initial Conditions............... 177
4.5.1 ALOMIC OXYQEN....ouuiiiiiiiiiiii e e eeeeetmmmeeie e e e eeeeaes 177
I @ o] o = U 179
4.5.3 Atomic Oxygen and OZONE...........cooeviiiiiuiivimnnneninnenns 180



Table of Contents

4.6

4.7

4.8

Study 3: M1D Model Comparison with SCIAMABY
Observations and the-0 Model of von Savignyet al.
(20121 ..o 181
Study 4. M1D Model Sensitivity to both Tengpal and

Spatial VariationS.........cceeeiiiiieeeeeceeeeeeics e 191
4.7.1 Latitudinal Variations at Equinox Conditions............... 193
4.7.1.1High Vibrationd Levels...............ccccoiiiiiiiieennnne 193
4.7.1.2Low Vibrational Levels.............ccoooiiiiiiiinnnnnnnn 195
4.7.1.3Further Invesgiations of M21D Model
Sensitivity to OzZOoNe...........cevvviiiiiieee s e 198
4.7.2 Latitudinal Variatons at Solstice Conditions................ 201
4.7.2.1lintercomparison of MAD Model, Makhloufet
al. (1995) aad SABER Instrument Results........ 201
4.7.2.2High Vibrational Levels............ccccceeeeeevivivieeenn.. 204
4.7.2.3Low Vibrational Levels...........ccccovvvvivviiiiiccnnnn.. 207
4.7.2 4Further Investigations of MD Model
Sensitivity to OzOoNe...........vvveiiiiieie s e 209
Chapter 4SUMMANY.......cccoiiiieeieeeeieeeeeeeeer e e 212

Chapter5: The Three Dimensional (3D) Model of
Vibrationally Excited Hydroxyl “E °

5.1
5.2
5.3

5.4

5.5

5.6

5.7

5.8
5.9

INEFOAUCTION ....coiiiieeee et 214
Studyl: Diurnal Variations il (* @ (¢ Emissions............... 215
Study2: Seasonal Variationsin (" @w x and/ C ¢ @

EMISSIONS. ..o e 221

Study3: Seasonal Variationsin(" v o and/ (‘1 ¢

EMISSIONS. ..ottt 241
Summary of Study 2 (Sectiond and Study 3 (Section 5.4)...251
Study4: Longitudinal Variations i (* Emissions .................. 2
Study5: The Efect of Tides on the Combinedunal

Emissions fromthé (" w X and/ (" ¢ ¢ Transitions.....261
Summary of Study 5 (Section 5.7)......ccooeeeeiiiiiiiiiiiieee s 272
Chapter 5 SUMMALY.......ccoiiiiiiie e nnmeens 274



Table of Contents

6

Chapter 6:  Discussion and Conclusions

6.1
6.2

6.3

6.4

1o To [F a1 o] o SRR 276
Review of Work Completed.............cooooiiiiiiimmmniieii 277
6.2.1 The MZD Model of/ (“..cceeiiiieiece e, 277
6.2.2 The 3D Modelof/ (* (CMAT2) ..cccceeeeieeiieceeereeee, 279
6.2.2.1Study 1: Diurnal Variations.............ccoevvvvvvvvnnnees 280
6.2.2.2Studie2 and 3: Seasonal Variations................. 281
6.2.2.3Study 4: Longitudinal Variations........................ 282
6.2.2.4Study 5: Tidal EffectS........cccoovveeiiiiiiiiiiieeeieee. 282
CMAT2 Model LImItationsS .........coveveveveeeiiiiiiimmeeeeeeineninne e 234
6.3.1 Long and Short Term Studies...........cccevvvvrvvvvrieemneenne. 284
6.3.2 Model ReSOIULION..........uuuviiiiiiiiiiiiiieeeiiiiiieeeeeee e 285
Future Work and FurtheBtudies.............cvvvviiiiiiiiieeniiiiieeeeen, 287
6.4.1 AIOMIC OXYGEN....ciiiiiiiiiiiiiiieeeeeeeeeeiseeeee e e e eeeeeeeaeeeean 287
B.4.2 OZONE ....iiiiieiiieie et 288
6.4.3 Additional Photochemistry.........ccccceeiiiiiiiiiicceecceee. 288
6.4.4 Mesospheric Heating............coooovviiiiiiiiccee s 289
6.4.5 Spatial and TemporaVariations in Alternativel (°
EMISSION Bands...........cooovviiiiiiiiiieeee e 290
6.4.6 / (Ground State Followup..........ccoovvvviiiiiiiceeeeeeiens 290

vi



Figure Contents

Chapter 1

Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 1.4:

Figure 1.5:

Figure 1.6:

Figure 1.7:

Figure 1.8:

Figure 1.9:

Figure Contents

The temperature (T) and mean molecular mass (M)lgso
of the Ear t((Gikaw aradPetitp19fBh.e..r..e....3

Molecular and Eddy diffsion profiles in the atmosphere
(Plane, 2009).......cccoiiiiiiiieiiiiiiimmme e eeeeeeeieeinnn s eennnnnnen ]

Definition of the ionospheric layers basedn oelectron

density distributior(Brasseur and Solomon, 1986)................ 8

The diurnal variation of the ionospheric layers during solar
maximum (solid line) and solar minimum (dashiaak)
(Hargreaves, 1979).......uuciiiiiiiei e eees 10

Schematic representation of thestructure of the
magnetospher@obbin, 2005)...........cciiiiiiiiiiieereeeeeen 11

lllustration of both closed and open magnetic field lines
under conditions of northwards IMF (a) and southwards
IMF (b) (Hargreaves, 1979)...........uuuiiiiiieee e 12

The lower and middle atmosphere (Meriwether and
Gerrard 2004). Purple arrows represent gravity waves,
blue arrows represent planetary waves. Atmospheric
circulation is represented by yellow arrows. Solid lines
represent westerly wind flow and dashed limepresent
easterly Wind floW..........ooooiiieee e 14

lllinois lidar odbservations of chemical heatir{§tatesand
Gardner1999). ... ——— 15

Typical atomic oxygen concentration profile over the
equator foMarchequinox conditions...............ccceevvvvvvvieeenn.. 16

Vii



Figure Contents

Figure 1.10:

Figure 1.11:

Figure 1.12:

Calculated chemical lifetimes of HOx f&ept. 23, 2004 at
latitude 34N(Pickettet al.,2006). ..........couuvrrrmiiiiiiirieeeiiennnns 17

Minor constituent mixing ratios in the middle atmosphere
at day (solidines) and night (dashed ling®lane, 2009).......18

Zonally averaged methane volume mixing ratio in ppmv for
January. The Brewddobson circulation pattern is
superimposd using white arrow®jeda, 2006).................... 21

Figure 1.13: Zonal mean wind for January 19791997 (NASA, 2000). ...... 22

Figure 1.14:

Figure 1.15:

Figure 1.16:

Figure 1.17:

Meridional circuldion of atmosphereinto the winter
hemisphergPlane, 2009)..............cceeeeviiiiiiiieeen e, 26

Depth of penetration of solar radiation as a function of
wavelength. Altitudes correspond to an attenuatiopif6X
Principal absorbing species andnisation limits are

indicated(Brasseur and Solomon, 1986)..............cccccceeennne 27

Global heating rates calculated by the NCAR globally
averaged mesosphere thesphere model for solar
minimum (Roble, 1995). Units are | C+TA A Uwhere

1 is the total heating rat&, is heating due to ieneutral
exothermic chemical reactiond, is heating due to
neutratneutral exothermic chemical reactiods,is Joule
heating,1 is heating due to particle precipitatiok, is
heating due to collisions between thermal electramss
and neutralg, $ is heating due to quenching/of $ |,
SRB and SRC are heating due to absorptiorh by the
SchumanfRunge continuum and bands, is heating due
to absorption by in the Hartley, Huggins and Chappuis
DANAS. . 33

Global mean cooling rates calculated by the NCAR globally
averaged mesosphere thesphere model for solar

viii



Figure Contents

Figure 1.18:

Chapter 2

Figure 2.1

Figure 2.2

Figure 2.3.

Figure 2.4

Chapter 3
Figure 3.1:

Figure 3.2:

minimum (Roble, 1995). Units ade T C+7A A Wherel

is the total neutral gas cooling rate, is the cooling rate
due to downward molecular therhm@nduction#+ is the
cooling rate due to eddy thermal conduction/ is
radiative cooling due to the® ‘| emission from nitric
oxide, # / is radiative cooling due to the Ul band
emission from carbon dioxidé, O is radiative cooling
from theg ¢ I fine structure emission of atomic oxygen,

/ is radiative cooling due to the®‘ | emission from

Diagrammatic representation of a box with sidles Y
and Y& in which air with a density travels through
(ANArews, 2000 ........ouuiiiiiiiiee e 46

Diagrammatic representation of the Coriolis effect on a
parcel of ai travelling from the equator................cceeeeeeee. 53

Diagrammatic representation of a2 model grid. ................. 66

Absorption of solar radiation in atmospheric layer of unit
area(Brasseur and Solomon, 1986)............cccccceevvvvvieeenennnn. 90

Initial gravity wave phase speed spectrum for the AD
gravity wave schemer(jit et al, 2008)............cccccvvvvrrirnnnen. 102

Conceptual diagram of the hydroxyl radical...................... 108

Zonal mean MLS observations bf( density with solar
zenith angle of p mJon June 22, 2005. The black line is
the height of the O Aoressure level. The vertical while
line is the latitude where the noon SZApigtJrfPicket et

Al., 2006). ...uiiieie e 110

iX



Figure Contents

Figure 3.3: Concentration of ground state ( for the year 2008 as
measured by the MLS instrument. URAK . ................. 111

Figure 3.4: Calculated night profiles of vibrationally excited (*
densities fro September 832004 at latitudes 9. , at
Tt ¢ cErOl@kal solar time (Pickett al.,2006)...................... 112

Figure 3.5: Comparison of ( vertical density profiles measured by
SHIMMER (black) and MLS (blue) and calculated by the
NRL-CHEM1D photochemical model (rednglertet al.,

Figure 3.6: Diurnal befaviour of/ ( as measured by SHIMMER (black
diamonds) compared with  CHEM1D calculations (red
squares). The error envelope of the SHIMMER
measurements reflects an estimate of the combined
systematic and statistical errors. SHIMMER local times
vary from¢ #pE Odd dayp X 1 v E Odd dayc p.tThe
CHEM1D curves represent a composite pof;separate
calculations for the das indicated by the top axjgnglert
€1 al.,2008) ...cciiiiiiiii e 114

Figure 3.7: Emission intensity as a function of wavelength for the
principal upper atmospheric emissio(Roach and Galon,
K<) TR 116

Figure 3.8: Emission intensity as a function of wavelength forthg
radical at Mount BohyuSheen and Byyr2004)................. 117

Figure 3.9: Multiple volume emission rate profiles recedby rocket
experiments (Baker and Stali988)..............cveeiiiiiiiiieceennns 118

Figure 3.10: Examples of volume emission rate profiles of thé’
nightglow emission as observed by WINDII. The curves
are obtained from Gaussian fittingLiu and Shepherd,
2006). .t ennr e e e e 119



Figure Contents

Figure 3.11: Concentrations of/ and - 7¥p 1t mtishiowing altitudinal

layer wherd (* can optimally be produced....................... 121

Figure 3.12: Diagrammatic representation of the(® production and
cascading paths (Baket al.,2007). ..........ouvvvuiiiiieeieeeceeennns 124

Figure 3.13 Precession of the orbital angular momentimbout the

internuclear axigHerzberg, 1989)............cccovvvvviviiiiiieemnenn. 125

Figure 3.14 Vibrational energy of a diatomic molecule whéfeand'Y
are the classical turning points for vibrational ene@y
(ThOrNE, 1988)......cccvviiiiiiiiiiee e aeeere 128

Figure 3.15 Potential energy curve for a diatomic lexule illustrating
the decreang distance between energy levels for
increasingd (Chang, 1971). The dotted line represents the

potential curve of a harmonic oscillator............................ 130

Figure 3.16 Potential curveof the ground state df (using the RKR
method presented in Krassovsky al. (1962) with the
corresponding vibrational energy levels fo* b p
O PP UPPTTPPIN 130

Figure 3.17 Emission intensity as a function of wavelength for the
principal yper atmospheriemissiongRoach and Gordon,
K<) TR 131

Figure 3.18 Emission intensity as a function of wavelength forthg
radical at Mount Bohyn (Sheen and Byyr2004)................. 134

Figure 3.19 Vibration-rotation bands (Thorne, 1988)............cccccvvvunnnn... 134

Figure 3.20 Angular momentumcsh e mes descri bed by Hundad
(a) and Hundbés Case B thibbgn for a di
external magnetic fielBerdyugina and Solanki, 2002).......138

Xi



Figure Contents

Figure 3.21: Comparison of the dipole momehinctions of Turnbull
and Lowe(1988) with those of Steveet al. (1974) (lef)
and with Werneet al.(1983) (righ}. .......coovvviriiiiiiiiiiiiieeen. 140

Figure 3.22 Concentration of (“in A [ columns for vibrational levels
versusU p w local time (Battaner and Lopez
MOren0, 1979).....ccciiiiiieiiie e 143

Figure 3.23 Height and latitude cuts at different local times of the
/ ¢ w Y diurnal nightglow signatures for eipox
conditions (Ward, 1999)........ccoeriiiiiiiiiiiiiii e 145

Figure 3.24 Latitude and local time cut of height integrated diurnal
nightglow signatures from the (* @w Y band (Ward,
1999). ittt 145

Figure 3.25 SABER / (* and temperatures profiles averaged from
March 26" to May 19", 2002 ac®J. . Profiles are shown
for ¢ p ¢EuvOlGeal time (solid lines) andr o ¢EuOIGcal
time (dashed lines) (Margt al.,2006). ............ccovvvvvvvnnnnnnne 146

Figure 3.26 SABER/ (* volume emission ratepA A OTA®D 7O at
P UE [ (left panel) ando d& 1 (right panel)...........cccveeveene.n.. 147

Figure 3.27: ROSE model simulations of ttie (* emission pA A O O
AT 0 aty (| (left panel) ando d& | (right panel) on
22" April, 2002 (Marshet al.,2008)...........cocoeveeerererrreroeeeen. 147

Figure 3.28 Local time and latitude distributions of the(* nightglow
intensities in kilo Rayleighs (Gaat al.,2011)....................... 148

Figure 3.29 Observed seasonal variation in thg” emission rate at
P ok [ for latitudes withinx®J of the equator. Data are
monthly means of all observations that fall witbint ET O
of ¢ o cErO(@quares) andt v oEMO(@iangles) local time
(Marshet al.,2006). ..........coooiiiiiiiiiireee e 150

Xii



Figure Contents

Figure 3.3Q

Figure 3.31

Figure 3.32

Figure 3.33

Figure 3.34

Figure 3.35

Figure 3.36

Figure 3.37

Observed seasonal variation in thg” emission rate at
P o [ for latitudes surrounding 3. Data are monthly
means of all observations that fall withmtt E T oD
¢ 0 oErO (quares) andt v oErO (@iangles) local time
(Marshet al.,2006). ...........ceevrruurmiiiiis i e e 151

Seasonal variations ih (* nightglow intensities in kilo
Rayleighs (Ga@t al.,2011). ........ccoovvrririiiiiiiiceemee e 152

Latitude distribution off (* nightglow intensities at the
June solstice and December solstice. The June curves have
been flipped so that from left to right the latitude axis
indicatesv #3tou . for the December curves andi.

tov @3 for the June curves (Ga al.,2011). ...........ovveeeeee 154

WINDII observations of the zonally averaged latitudinal
and vertical distributions &t Tt &t fit &t € Oldzal time

of the/ (* volume emission rates i E T OA T XOfor
March/April 192 (row one) and Bcember to February
1993 (rowtwo) (Zhang and Shepherd, 1999).................... 156

Latitude and altitude cross section of thé" w ¢ limb
radiances for the period T9November to 2% December
2005 in units o ET O T @ O @Kaufmannet al.,
2007 ). ettt a e 157

Altitude latitude distribution of (° nightglow emission
rates inp D E | OFA T ZO(Gaoet al.,2011). .................... 158

Peak/ (° mesospheric VER night time airglow global
distribution, 7 day average at the 2005 spring equinox from
SABER IR sensor (Bakest al.,2007). .......cccovvvvviiiieeiiiiiines 160

Altitude distribution of the peak (° mesospheric night
time global airglow VER from SABER IR ssar, 7 day
averge at the 2005 spring equiNQX.............eeeeeeeeieerieeneneee. 161

Xiii



Figure Contents

Chapter 4

Figure 4.1: Photochemical equilibrium altitude profiles 6f(° 0
p w generated by Makhlouf model using input profiles
for day 165, midnighty . (Makhloufet al.,1995)............. 175

Figure 4.2: Phdochemical equilibrium altitude profiles df (* 0
p w generated by MMD model using input profiles for
day 165, midnightg . . ....ooviiiiiiiiiee e 175

Figure 4.3: M1-D model altitude profiles of (* 0 ¢ using MSIS/
profile (solid line) Winick et al. (1985)/ profile (dashed
line), with Makhlouf model kitude profile (dotted line).......178

Figure 4.4:  M1-D model altitude profiles of (* 0 @ using CIRA
| profile (solid line), Winick et al. (1985)/ profile
(dashed line), with Makhlouf model altitude prof{@otted
[INB). et 179

Figure 4.5: M1-D model altitude profiles of (* 0 ¢ using MSIS/
profile and CIRA/ profile (solid line), Winick et al.
(1985) / and/ profile (dashed line), with Makhlouf
model dtitude profile (dotted liN€).......ccceeeeeviiieeiiiiiiiieeeen. 180

Figure 4.6: Normalised monthly and zonally averaged volume emission
rate profiles forthé o ph (¢ ¢ and/ (Y
o bands fop ttlatitude bins betweea @3 andp . for
July 2005. Dotted lines represent retrieval error based on
the standard error of the inved limbradiance profiles
(von Savignyet al.,2012b)........cccoeeeiiiiiiiiiie e 182

Figure 4.7:  (Left panel): Fractional populations bf(" 0 p w for
July 2005as a function of altitude based on model of von
Savignyet al.(2012b). (Right panel): Normalised emission

rate profiles for/ (" 0 p w calculate by same model. 183

Xiv



Figure Contents

Figure 4.8:

Figure 4.9

Figure 4.10:

Figure 4.11:

Figure 4.12:

Figure 4.13:

(Left panel): Fractional populations bf(" 0 p w for
July 2005as a function of altitude based on the -MI1
model (Right panel): Normalised emission rate profiles for

/ (U p  calculatel by same model...........ccocoun.... 183

(Left panel): Fractional populations bf(" 0 p w for
July 2005as a function of altitude when quenching/by
has been neglected, based on model of von Sawgay.
(2012b). (Right panel): Normalised emission rate pesfil

for/ 0 p w calculatel by same model.................... 185

(Left panel): Fractional populations bf(" 0 p w for
July 2005as a function of altitude when quenching/by
has been neglected, based on-Model. (Right panel):
Normalised emission ratergfiles for/ 0 p

calculatel by same model..............ooooiiiee 185

(Left panel): Fractional populations bf(" 0 p w for
July 2005 as a function of altitude wheh quenching
constant is taken from Smitst al. (2010) in combination
with ap®& w correction factor from Xt al. (2012), based
on model of von Savigngt al. (2012b). (Right panel):
Normalised emission rate profiles for(" 0 p

calculatel by same model...............oooeiiiiiiiiiiee 187

(Left panel): Fractional populations bf(" 0 p w for
July 2005 as a function of altitude wheh quenching
constant is taken from Smitt al. (2010) in combination
with ap®& w correction factor from Xt al. (2012), based
on M1-D model. (Right panel): Normalised emission rate

profilesfor/ (" 0 p w calculatel by same model........ 187

Sensitivity of the von Savignet al. (2012b) modelled
emission rate profiles to atomic oxygen concentrations.

The standard MSIS atomic oxygen profile is scaled with

XV



Figure Contents

constant factors varying betweem® p Bt. Rate
constants for quenching by atomic oxygen and molecular

oxygen are corrected value from Xtal.(2012). ................. 189

Figure 4.14: Sensitivity of the M1D modelled emission rate profiles to
atomic oxygen concentrations. The standard MSIS atomic
oxygen profie is scaled with constant factors varying
betweent® p Bt. Rate constants for quenching by
atomic oxygen and molecular oxygen are corrected value
from Xuet al.(2012). ....cooooiiiiiiiiiee e 190

Figure 4.15: Altitudinal profile of/ (* 0  att . for day 80 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012). it 193

Figure 4.16: Altitudinal profile of/ (* 0  at equator for day 80 of
2003 calculated by MD model (solid line) ad measured
by SABER instrument (dashed line) presented ineXal.
(2012). oo 194

Figure 4.17: Altitudinal profile of/ (" 0 ( att @3 for day 80 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012). oo 194

Figure 4.18: Altitudinal profile of/ (" 0 1 att . for day 80 of
2003 calculated by MD model (solid line) ananeasured
by SABER instrument (dashed line) presented ineXal.
(2012). oo 196

Figure 4.19: Altitudinal profile of/ (" 0 T at equator for day 80 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012). .o 196

XVi



Figure Contents

Figure 4.20: Altitudinal profile of/ (* 0 1 att @3 for day 80 of
2003 calculated by MD model (sold line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012). oo 197

Figure 4.21: Altitudinal profile of/ (" 0 ( att . for day 80 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) pretsehin Xuet al.
(2012) using SABER retrieved profiles...........cccccceieeennn. 198

Figure 4.22: Altitudinal profile of/ (" 0 1 att @. for day 80 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012) using SABER retrieved profiles.........cccccccceeeeennnn. 199

Figure 4.23: Altitudinal profile of/ (* 0 1 att @3 for day 80 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012) using SABER retriedd profiles........cccccvvvvveinnnnn. 200

Figure 4.24: Altitudinal profile of/ (* 0 1 at equator for day 80 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXual.
(2012) using SABER retrieved profiles............ccccvvvvineneee. 201

Figure 4.25: Altitudinal profile of/ (" 0 ( att @. for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012). Altitudinal profile for (* 0 @ is also shown

for comparison (dotted liN€)...........uvvveiiiiiier i 202

Figure 4.26: Altitudinal profile of/ (* 0 1 att @. for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012). Altitudinal profile for (* 0 1 is also shown

for comparison (dotted line)...........cccoeeeeviiiiiiiiceeii e, 203

XVii



Figure Contents

Figure 4.27: Altitudinal profile of/ (* U ( att 3 for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2002). .o aaaaa s 205

Figure 4.28: Altitudinal profile of/ (* 0  at equator for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012). oo 205

Figure 4.29: Altitudinal profile of/ (* 0  att @3 for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012). oo 206

Figure 4.30: Altitudinal profile of/ (* 0 1 att ®. for day 180 of
2003 calculated by MD model (solid line) ad measured
by SABER instrument (dashed line) presented ineXal.
(2012). oo 207

Figure 4.31: Altitudinal profile of/ (* 0 ( at equator for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presente&inet al.
(2012). oo 208

Figure 4.32: Altitudinal profile of/ (* 0 1 att @3 for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012). oo 208

Figure 4.33: Altitudinal profile of/ (* 0 1 att ®. for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012) using SABER retrieved profiles........c..cccoeeevvennnnnn. 209

Xviii



Figure Contents

Figure 4.34: Altitudinal profile of/ (* 0 1 att @. for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012) using SABER retrieved profiles.........ccccccceeeeeennnn. 210

Figure 4.35: Altitudinal profile of/ (* 0  at equator for day 180 of
2003 calculatedby M1-D model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012) using SABER retrieved profiles..........ccccvvviiieennn. 211

Figure 4.36: Altitudinal profile of/ (* 0  att @3 for day 180 of
2003 calculated by MD model (solid line) and measured
by SABER instrument (dashed line) presented ineXal.
(2012) using SABER retrieved profiles............ccccvvvinenee. 211

Chapter 5

Figure 5.1: Height/Latitude cuts at different local times of thé* w
U diurnal nightglow emission during equinaonditions
(Ward, 1999)......ccciiiiiiie e e 216

Figure 5.2  Height/Latitude cuts at different local times of thé” w
¢ diurnal nightglow emission duringvlarch equinox
conditionsof 2008produced by CMATZ.........ccvvvvvvviiienennnnn. 217

Figure 5.3: Diurnal variation in the night time emission from the
/ ¢ w Y band overlie equatoduring March equinox of
2008 produced by CMAT2.....oooiiiiiiieee e 219

Figure 5.4: Diurnal variation in the night time emission from the
/ ¢ w Y band atp J. of the equatorduring March
equinox of 2008produced by CMAT2.......cccooeevvvviiiiieeeeiiin 219

Figure 5.5: Diurnal variation in the night time emission from the
/ ¢ @ Y band for latitudes betweenv tduring March
equinox of 2008produced by CMAT2........oovvivveeiiiiiiinnnnnns 220

XiX



Figure Contents

Figure 5.6:  Altitude-latitude distribution of (" @ x and/ (C @
@ emission rates inA| O for equinox and solstice
conditions (Ga@t al.,2011)........ccceiiiiiieieiiiiiiiiieeeee e, 222

Figure 5.7: CMAT2 altitudelatitude distribution of / (* w X
nightglow emission rate ik | O for March 2%, 2008....223

Figure 5.8: CMAT2 altitudelatitude distribution of / (" ¢ @
nightglow emission rate ik i O for March 2%, 2008 ...223

Figure 5.9: CMAT2 altitudelatitude distribution for combined
I ( w x and/ (" ¢ @ nightglow emission rate in
Al O for March 28, 2008. .......cccccccevviriririiiieeeecnee, 224

Figure 5.10: SABER altitudelatitude distribution for combined
I ( w x and/ (" ¢ @ nightglow emission rate in
Al O for March 22, 2008. .......cccccovvniriririiieenecnee, 224

Figure 5.11: CMAT2 altitudelatitude distribution of / (* w X
nightglow emission rate il I O for June 21, 2008.......227

Figure 5.12: CMAT2 altitudelatitude distribution of / (" ¢ @
nightglow emission rate il i O for June 21, 2008.......227

Figure 5.13: CMAT2 altitudelatitude distribution off (* w X and
I ¢ ¢ ¢ nightglow emission rate iAT O for June
21% 2008 ...t 228

Figure 5.14: SABER altitudelatitude distribution for combined
| C w x and/ (C ¢ @ nightglow emission rate in
Al O for March 28, 2008. .......cccccceviiiriririiieeeecnee, 228

Figure 5.15: CMAT2 altitudelatitude distribution of / (* w X

nightglow emission rate ilA i O for September 2§

XX



Figure Contents

Figure 5.16: CMAT2 altitudelatitude distribution of / (" ¢ @

nightglow emission rate ilA i O for September 2§

Figure 5.17: CMAT2 altitudelatitude distribution of (" w x and
I ¢ ¢ ¢ nightglow emission rate inAi O for
September 24, 2008..........cocoviiiiieeee e 232

Figure 5.18: SABER altitudelatitude distribution of/ (" w ¥ and
/I ¢ ¢ ¢ nightglow emission rate inAi O for
September 21 2008recorded by SABER instrument......... 232

Figure 5.19: CMAT2 altitudelatitude distribution of / (* w X
nightglow emission rate ip TTA{ O for December
2172008, ...t 235

Figure 5.20: CMAT2 altitudelatitude distribution of / (" ¢ @

nightglow emission rate ilA i O for December 2%,

Figure 5.21: CMAT2 altitudelatitude distribution of (" w ¥ and
I ¢ ¢ ¢ nightglow emission rate inAi O for
December 2%, 2008.......cooo oo 236

Figure 5.22: SABER altitudelatitude distribution of/ (" w ¥ and
I ¢ ¢ @ nightglow emission rate inAi O for
December 2%, 2008recorded by SABER instrument......... 236

Figure 5.23: Seasonal variation in the combindd(* w X and
/| C ¢ @ volume emission rates produced by the
CMAT2 model for local times of o oErO(€guares) and
TLU OEMO(DANGIES)....eeveeeeeeeeeee e 239

Figure 5.24: Seasonal variation in the combindd(° w ¥ and
/I ¢ ¢ ¢ volume emission rates observed by the
SABER instrument for local times af o ocErO(€quares)

XXi



Figure Contents

andT v oErO(@iangles) from yearg T Tt ¢¢ 1T T(Marsh
€t al.,2006). ...uueeiiiiiie e ———————— 239

Figure 5.25: CMAT 2 altitudelatitude distribution of (* v o and
/ ¢ T ¢ nightglow emission rate inAi O for
March 22% 2008. .........coeviuiiiiiirieicieeeee s 242

Figure 5.26: SABER altitudelatitude distribution off (v ¢ and
/ ¢ T ¢ nightglow emission rate inAi O for
March 2£', 2008 recorded by SABER..........cccccvevvireueeene 242

Figure 5.27: Peakl (v o and/ (" T ¢ mesospheric VER night
time airglow global distribution, 7 day average at the 2005
spring equinox from SABER (Baket al.,2007).................. 244

Figure 5.28: Altitudinal distribution of the peak/ (‘v ¢ and
I ¢ T ¢ mesospheric VER night time airglow global
distribution, 7 day average at the 2005 spring equinox from
SABER (Bakeret al.,2007).......ccvoueveeeserrereeeeeseeeseenenns 244

Figure 5.29 CMAT2 altitudelatitude distribution off (* v ¢ and
/ ¢ T ¢ nightglow emission rate ik i O for June
215 2008, ....uiuiiiiiieieeie e 246

Figure 5.30 SABER altitudelatitude distribution off (" v ¢ and
/ ¢ T ¢ nightglow emission rate ik i O for June
21%, 2008 recorded by SABER.........ccocooviieieeeeeeeeeeen, 246

Figure 5.31 CMAT2 altitudelatitude distribution off (" v o
/ ¢ 1 ¢ nightglow emission rate inAi O for
September 24, 2008.........ccoooiiiieeeeee e 248

Figure 5.32 SABER altitudelatitude distribution off (" v ¢ and
/ ¢ 1T ¢ nightglow emission rate inAi O for
SeptembeR1®, 2008 recorded by SABER.............c.c.co....... 248

XX



Figure Contents

Figure 5.33

Figure 5.34

Figure 5.35

Figure 5.36

Figure 5.37

Figure 5.38

Figure 5.39

Figure 5.40Q

CMAT?2 altitudelatitude distribution off (v o and
/ ¢ T ¢ nightglow emission rate inAi O for
December 2%, 2008........ooe oo 250

SABER altitudelatitude distribution off (* v o and
/ ¢ T ¢ nightglow emission rate inAi O for
December 2%, 2008 recorded by SABER...........ccccvne..... 250

(left panels) Maps of tday average8t'i / (¢ w X

and/ ( ¢ ¢ airglow brightness for periods averaged
from ¢ 1 tay, T TWPd. tou 3. (rightpanels) The (°
airglow brightness a @. , 1J, and¢ @3. (Note that the
scales of the plots differ) (Xet al.,2010). .........ccceeeeeeeeeeennn. 255

(left panel) CMAT2 longitudinal profile of (* w X and
/| ¢ ¢ o airglow brightness foiMarch equinox 2008;
L @. tov @3. (right panels) Thé (* airglow brightness
atc . , 1, andq B3, oo 256

(left panel) CMAT2 longitudinal profile of (* w X

and/ (" ¢ ¢ airglow brightness for June sdist 2008;

L @. tov @3. (right panels) Thé (* airglow brightness
atc . , T, andC T3, oo 256

(left panel) CMAT?2 longitudinal profile of (* @ X and
/| C ¢ @ airglow brightness forSeptemberequinox
2008;v @. touv @3. (right panels) Theé (° airglow
brightness at . , 1tJ, andq 3. ........oooovrviiiiiiiiiiis e 256

(left panel) CMAT?2 longitudinal profile of (* @ X and
I C ¢ @ airglow brightness fobecembesolstice 2008;
L d. tov @3. (right panels) Thé (* airglow brightness
atc . , 7, andC T3, oo 257

(left panels) Maps oft mday average temperatures

for T periods averaged from 1t i@ T TUWPG. touv G3.

XXiii



Figure Contents

Figure 5.41

Figure 5.42

Figure 5.43

Figure 5.44

Figure 5.45

Figure 5.46

(right panels) The temperatures catd. , 1J, and¢ 3.
(Note that the scales of the plots differ) (tual.,2010). ...... 259

(left parel) CMAT2 longitudinal profile of temperatures for
March equinox 2008p &. touv d3. (right panels) The
temperatures & . , T0J, andq T3, ....ooovviiiiiiiiiiie e, 259

(left panel) CMAT2 longitudinal mfile of temperatures for
June solstice 2008p d. touv d3. (right panels) The
temperatures & 1. , 1), andg T3, ....ooovviiiiiiiiiii e, 260

(left panel) CMAT?2 longitudinal profile of temperatures for
Septemberequinox 2008p ¢. touv d3. (right panels)
The temperatures gt . , 1, andg @3. ........ooovvvvivvvnnnnnnnnn. 260

(left panel) CMAT?2 longitudinal profile of temperatures for
Decembeisolstice 2008p . tou d3. (right panels) The
temperatures & . , 1), andg T3, .....oooviiiiiiiiiii e, 260

Simulated nocturnal variation in equatorial® w X and
I ¢ ¢ ¢ emission inp p 1A OIAD ¥Oat altitudes
of ¢ T yandp ME i, 22" April 2002 Solid line is for
standard simulation while dashed line is for simulation
without diurnal or semidiurnal tides. Simultaneous
tempeature (middle) and atomic oxygen volume mixing

ratio (bottom) variations are also shown........................... 263

Simulated nocturnal variation in equatorial®* w x and

I ¢ ¢ @ emission inp p 1 AOTAD TOat altitudes

of Y ©ip yandp TE I. Solid line is for standard simulation
while dashed line is for simulatowithout diurnal or
semidiurnal tides. Dotted line represents expected drop in
night time emissions due only to chemical loss of atomic
oxygen. Simultaneous temperatugmiddle) and atomic

oxygen volume mixing ratio (bottom) variations are also

XXV



Figure Contents

Figure 5.47

Figure 5.48

shown. @BER observations arshown for comparison
(squaresMarshet al.(2006). ..........coeeveeeerrvmmnniimeeeeieeeennnns 266

Simulated nocturnal variation in 8 / (" @w ¥ and

I ¢ ¢ ¢ emission inp p A OIAD ¥Oat altitudes
of ¢ T yandp ME i, 22" April 2002 Solid line is for
standard simulation while dashed line is for simulation
without diurnal or semidiurnal ides. Simultaneous
temperature(middle) and atomic oxygen volume mixing

ratio (bottom) variations are also shown...............ccceeee.... 269

Simulated nocturnal variation iw Y8/ (" w x and

I ¢ ¢ ¢ emission inp p 1A OIAD ¥Oat altitudes

of Y tp yandp TE I. Solid line is for standard simulation
while dashed line is for simulation without diurnal or
semidiurnal tides. Dotted line represents expected drop in
night time emissions due only to chemical loss of atomic
oxygen. Simultaneous temperatug@iddle) and atomic
oxygen volume mixing ratio (bottom) variations are also
shown. SABER observations ashiown for comparison
(squaresMarshet al.(2006). .....ccceeeveeeeeeiiiiiiiiiiiceeee e 271

XXV



Acronyms

Acronyms
Acronym Name Notes

AURA - NASA satellite

Caltech 1D California Institute of Technology-1| 1-D Photochemical Model
D Model

CCM Coupled Community Model Predecessor of WACCM

CCM2 CoupledCommunity Model 2 Predecessor of WACCM

CIRA Cospar International Reference Used by M1D model for
Atmosphere initial /  profiles

CMAT Coupled Middle Atmosphere and | Predecessor of CMAT?2.
Thermosphere

CMAT2 Coupled Middle Atmosphere and | GCM employed in this
Thermosphere 2 thesis.

CME Coronal Mass Ejection

CTIM Coupled Thermosphere and Predecessor of CMAT2.
lonosphere Model

CTIP Coupled Thermosphere lonospherg Predecessor of CMAT?2.
Plasmasphere

EDMF Electronic Dipole Moment Function| Used to calculate Einstein

A coefficients.

EM ElectrecMagnetic

ENIAC Electronic Numerical Integrator Ang First computer used for
Calculator weather predictions.

ENVISAT Environment Satellite ESA satellite.

ESA European Space Agency

EUV extremeultra violet

FUV far ultra violet

GCM Global Climate Model A type of 3D model.
General Circulation Model

GOMOS Global Ozone Monitoring by Provides global

Occultation of Stars

observations of ozone.

Instrument on board

XXVi




Acronyms

ENVISAT satellite.

GSWM Global Scale Wave Model Model used to simulate
tides.
HALOE HALogen Occultation Experiment | Provides initial conditions
for CMAT2.
HAMMONIA Hamburg Model of the Neutral and | A GCM developed at MPI
lonised Atmosphere in Hamburg.
IMF Interplanetary MagnetiEield
IR infra-red
JHU/APL 2D John Hopkins University/Applied
Physics Laboratory-B Model
JPL Jet Propulsion Laboratory
LTE Local Thermodynamic Equilibrium
M1-D Maynooth 1D Model 1-D Model developed for
this thesis.
MLS Microwave LimbSounder Instrument on AURA
satellite.
MLT Middle Lower Thermosphere
MPI Max Planck Institute
MSISE-90 Mass Spectrometer and ground bag Used by CMAT2 for initial
Incoherent Scatter Extended concentrations of major
species.
NASA NationalAeronauticsand Space
Administration
NCAR National Centre for Atmospheric
Research
NLC Noctilucent Clouds
NRL-CHEM1-D | Naval Research Laboratoryd A 1-D Photochemical
Chemical Model Model.
ROSE - A chemical transport
model. Considered a GCM
SABER Soundingof the Atmosphere using | Instrument used to look at

Broadband Emission Radiometry

/ ( emissions onboard

XXVii



Acronyms

TIMED satellite.

SCIAMACHY SCanning Imaging Absorption Instrument used to look at
spectroMeter for Atmospheric / (* emissions onboard
CHartographY ENVISAT satellite.
SHIMMER Spatial Heterodyne Imager for Used to look at (in
Mesospheric Radicals middle atmosphere.
SME Solar Mesosphere Explorer First satellite to look at
/ (* emissions. Operationg
from 19811989
STPSatl Space Test Programme Satellite 1 | NASA satellite.
TIME Thermosphere lonosphere A GCM.
Mesosphere Energetics
TIMED Thermospherdonosphere NASA satellite.
Mesosphere Emgetics and
Dynamics
UARS Upper Atmosphere Research Satell NASA satellite.
UCL University College London Development place of
CMAT2.
UGAMP Universities Global Atmospheric Used by CMAT?2 for
Modelling Programme climatologies.
uv ultra violet
ver volume emission rate
vmr volume mixing ratio
WACCM Whole Atmosphere Community A GCM.
Climate Model
WINDII Wind Imaging Interferometer Interferometer onboard the

UARS satellite.

XXViii



Abstract

Abstract

Nightglow within the mesopause region of the atmosphere is dominated by the infrared
emissions from vibrationally excited hydroxyl (* radicals a¥ ) I altitude.
These emissions provide a signal from which the behaviour of the middle atmosphere
can bestudied and in recent years a wealth of observational data on the global
distribution of/ (* has been collected by instruments such as SABER on board
NASAOGs TI MED satellite and SCI AMACHY on

Gener al Circul at i aesentMe dbest teols @vaiaNedits jest oue p
understanding of the physical, chemical and radiative processes of the middle
atmosphere. In this thesis, a atimensional (D) model of the first nine vibrational
states of/ (° is developed and incorporatedtda the University College London
CMAT2 GCM. Unlike in other GCMs these vibrational levels are treated as distinct
chemical species frorh (in the ground state as suggested in Piakedil. (2006). The

results are compared to both satellite observaaodspredictions from other models.

It is found that the -D model successfiyl predicts many of the obsesd features
including the magnitude df (* concentrations and a vibrational level dependence on
the emission peak altitudes which is consistenh \pieviously published results. The
influence of atomic oxygen on the peak altitude of individual emission layers is found
to be a more complex function than suggested in previous studies. Increased atomic
oxygen increases the rate bf(° production butthis is modulated by increased

guenching rates particularly at the upper edge of the layers.

On incorporation of the -D model into CMAT2, it is found that the model can
generally make accurate predictions of both the temporal and spatial variabiliy in
emissions, although the magnitude of the emissions are typically a factor of two or more
higher than expected. This is attributed to incredsedncentrations predicted by the
model. Diurnal and seasonal variability is well represented, as areeshaith respect

to altitude and latitude. At equinox, a single peak in the emission is observed over the
equator while during solstice, additional peaks occur in the tmidightlatitude regions
resulting from transport of oxygen by the mean circulatibongitudinal variations are

not well represented and suggest an underestimation of the effects-ofigrating

tides. Migrating tides are shown to modulate the emission, in particular at the low
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Abstract

latitudes although reduced effects are also observdakimid to highlatitude regions.
Migrating tides have proven difficult in previous modelling studies prompting
investigators to double tidal amplitudes in an effort to obtain better agreement with
observations (Marskt al, 2006). Similar tuning of themodel 6 s dynami ca

may be required in the case of CMAT2
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Chapter 1:General IntroductionBackground Theorgnd Literature Review

Chapter 1

General Introduction, Literature Review

and Background Theory

1.1 Introduction

The goal of this thesis is to develop a computational model which can simulate the
nighttime infrared emissions from the vibrationally excited hydroxyl radi¢al” .

This is accomplished by modifying an existing atmospheric general circulation model
(GCM), known as the Coupled Middle Atmosphere and Thermosphere (CMAT2)

model, to include new physical, energetic and chemical routines relevani‘to

photochemistry.

One of the most prominent features of the night sky is the infrared (IR) emissions from
the/ Cwithin the Earthos nightgimeaaglow fightglowl h e t
within the atmosphere is dominated by these infrared emissions which can retadh a t
emission strength of aboptmega Rayleigh (Turnbull and Lowe, 1983p Rayleigh is

defined as a column emission ratepof p 1 photons per square meter per column per
second (Baker and Romick, 1976)).

Since their discovery in the upper atmosph®révieinel (1950) numerous studies have
been carried out in order to identify (Bates and Nicolet, 1950; Herzberg, 1951;
Krassovsky and Lukashenia, 1951; Krassowskal.,1961; Nicolet, 1970; Breig, 1970)
and explain (Battaner and Lop®oreno, 1979; LeTder et al., 1987; Sivjee and
Hamwey, 1987; McDadet al., 1987a; Johnston and Broadfoot, 1993) the mechanisms
and processes that account for the behaviour of this particular chemical species.

Today, these studies remain an important topic in aerorahyhe recent detection of
/ (* emissions on Mars (Clanast al.,2013) and Venus (Picciorg al., 2008) have
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prompted renewed interest in this fieldheTenergy released via the chemical reaction

of atomic hydrogen and ozone, the primary sourde Efwithin the region,

( / o/ (0 w /I oghe
(R1.1)

provides the single largest chemical source of heat within the mesopause (Mlynczak and
Solomon, 1993; Kaufmanet al.,2007) and contributes significantly to the local energy

budget.

The/ (* emissions significantly reduce the energy available for heat within the middle
atmosphere and provide a signal from which the chemical energy deposition rate within
the mesopause can be derived (Mlyncetkl.,1998). These emissions further provide

a wseful remote sensing tool in the study of the photochemical and dynamical processes
that play a role in the upper atmosphere guwal.,2012), and allow for derivations of

the atomic hydrogen concentrations (Mlynczek al., 1998), and atomic oxygen
concantrations (Russell and Lowe, 2003; Smi¢h al., 2010), within the region,
provided that the concentration of ozone is well known and assumed to be in

photochemical equilibrium.

In this chapter, an introduction to the atmosphere and the basic physicgblps that
govern it will be discussed. An overview of the atmospheric structure will be presented
with a more detailed look at the middle atmosphere, the mesosphere. The more
complex photochemistry and energetics associated with {fradical itselfwill not be

discussed untiChapter 3.

A basic history of atmospheric modelling will also be proditdefore an introduction to
GCMs is presented. lis through the use of these GGMhat the fundamental
atmospheric equations are solved in order to investigate the characteristics of the
principal dynamical and energetic features within the atmosphere. Therefore, within the
final sections of this chapter a description of the lawplofsics employed by these

atmospheric models will also be provided.
1.2 The Atmosphere

The vertical structure of Earthds at mosp

the temperature gradient pertaining in a given layer. There are a tofak ahdin

2
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layers or spheresunder this classification namely the troposphere, stratosphere,
mesosphere, thermosphere and exosphere. The boundary between each layer is referred
to as apause. An idealised vertical profile of the atmosphere showing theewfft
temperature structure and mean molecular mass of the atmosphere is siogumen

1.1
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Figure 1.1: The temperature (T) and mean mol ecu
atmosphere (Giraud and Petit, 1978).

1.2.1 The Troposphere

The troposphere is ¢hlowest region of the atmosphere and is characterized by its
positive lapse rate in temperature i.e. the temperature decreases with increasing altitude.
The name originates from the Greek wdrdposf o r 6turningé whicl
unstable conditionsSginfeld and Pandis, 2006). This is reflected in the troposphere in
which warm air, which is lighter, sits below the colder, heavier, air above and represents

a very unstable state. It is the region of the atmosphere in which all weather events
occur andcontains approximately 90% of the overall atmospheric mass (lribane and
Cho, 1980). Within this region, heat is generated primarily from shortwave radiation

emitted by the Sun which has be-emieddssor b

3
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infrared adiation. As the air above ground level heats up it starts to rise until it reaches
an altitude at which it is at the same temperature as the surrounding air. The cooling of
the air as it rises is attributed to adiabatic expansion resulting from degreasi

atmospheric pressure with altitude and leads to a reduction in temperature.

The depth of the troposphere varies depending on latitude and time of year. At the
equator the troposphere typically extends to an altituge @i | with a temperature of
appoximately p w#i. Over the poles it typically extends to onlyE i and
temperatures of approximately¢ ftat this much lower altitude At times, during the

winter months, there exists no troposphere in the polar regions as no sunlight reaches
the ground This results in the total absence of the convective processes that provide the
driving force behind the troposphere within these regions.

The tropopause is the dividing region between the troposphere and stratosphere and is
marked by the temperature nmrum between the two regions. Typically the
tropopause is located approximatplyE | above sea level. The main feature of the
tropopause is its ability to act as a barrier layer. Convection is rarely strong enough to
transport air through this barriand there does not appear to be any method of transport
that allows for the fast movement of particles through this region (Seinfeld and Pandis,
2006).

1.2.2 The Stratosphere

The stratosphere is the next layer of the atmosphere and is characterized bgtite neg
lapse rate i.e. temperature increases with increasing altitude. It extends from
approximatelyp £ | tou 1€ | and was discovered by Leon Philippe Teisserene de
Bort at the turn of the twentieth century. The name originates from the Latin word,
stratum, meaning layer. The increase in atmospheric temperatures within this layer is
the result of the absorption of solar radiation by ozone ingthegi¢ wb | range
(Seinfeld and Pandis, 2006; Andre®900). This absorption protects organisms in the
lower regions which would otherwise be exposed to harmful amounts ofvidted

(UV) radiation.

Typically ozone within this region is created in the tropical regions surrounding the

equator as a result of the higher levels of incident UV radiation at ldtgseles. The
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ozone then diffuses towards the poles. Since ozone is also destroyed by UV radiation
the concentration of this atmospheric constituent exhibits both daily and seasonal
fluctuations tending to reach a maximum in late winter and earlygsgBoeker and

van Grondelle, 1995).

A northrsouth temperature gradient also exists within this region as a result of seasonal
differences in hemispheric heating. When combined with forces generated by the
Coriolis effect, this results in the productiohstrong zonal jets that are eastward in the

winter and westard in the summer hemispheres

The stratopause is marked by a temperature maximum between the stratosphere and
mesosphere. It is located approximaielyfE iabove the Earthoés su

temperatures of up @ x
1.2.3 The Mesosphere

The mesosphere, after the Greek woresosfor middle, is the next highest region of

the Earthdés atmosphere and exhi bbsdustoa po
lower concentrations of ozone within the region as well as atmospheric cooling
processes associated with the vibrational relaxation of carbon dioxide. The properties
of the mesopause are greatly influenced by atmospheric processes that taketphkce

lower layers of the atmosphere, in particular the stratosphere, where the absorption of
UV radiation by ozone provides a significant amount of the energy input and is the

driving force behind the circulation of the region (Wayne, 1985).

Noctilucert clouds (NLC) are a unique feature of the mesosphere and were first
observed in the late T&entury after the eruption of Tambora on Krakatoa where large
amounts of dust and aerosol were injdcteto the stratosphere. Thesk®uds are
formed of submicron ice crystals which grow larger when the mesosphere reaches its
coldest temperatures during the summer months. It is only during this time that NLCs

become visible.

The upper boundary of this region, the mesopause, occurs at an altitude of
approximatey { (£ [. A more detailed description of the mesopause will be presented

in Section 1.3
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1.2.4 The Thermosphere

The thermosphere, after the Greek wdnérmosfor heat, is the next layer of the
atmosphere and is marked by large increases in temperature that result from the
absorption of solar UV and extreme ultralet (EUV) radiation. Depending on the

time of day, latitude and level of solar activity the temgture can vary from

T Ttzig m et It is characterised by low molecular densities, low pressures and large
molecular mean free paths. Cooling within this region occurs through the downward

conduction of heat into the mesopause and represents anothex sbenergy input

into the mesosphere. Above altitudespob z1¢ & I molecular heat conduction

dominates and the temperature becomes relatively stable at altitudes between

T e ThEl.
1.25 The Exosphere

Above altitudes ofp Tt | the atmosphere Babecome so rarefied that particles are
unaffected by collisions and are able to move about with large velocities. In some

i nstances particles can buil d up enoug
gravitational pull. This region is known as the exasphand marks the transition from

the terrestrial atmosphere to the interplanetary gas.
1.2.6 The Homosphere and Heterosphere

An alternative method of classifying the atmosphere is to divide it into regions based on
changes in atmospheric compositior anixing. In the lower region (the homosphere)
the major constituents of the atmosphere are uniformly mixed by turbulence and the
molecular mean weight of ait ¢ ¢ I Ovaries little with altitude, as shown Figure

1.1 The two exceptions to this arg @&hd HO which are relatively minor constituents

but play a very important role in the overall atmospheric structure. Turbulence and
eddy diffusion dominate transport of particles in this region. In the upper region (the
heterosphere) the proportion ofoatic oxygen in the atmosphere increases and the
molecular mean weight of air decreases with increasing altitude. Turbulent mixing and
eddy diffusion of particles becomes less important and bulk motion of the atmosphere is
no longer possible. At this pdinmolecular diffusion starts to separate the different
constituents according to their respective masses. This can be ségurénl.2which

6
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graphs the molecular and eddy diffusion coefficients with respect to altitude as well as
the mean free path ttie overall atmosphere. At altitudes above approximataty |

the molecular diffusion coefficient can be seen to take precedence over the eddy

diffusion coefficient.
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Figure 1.2: Molecular and @dy diffusion profiles in the atmosphere (Plane, 2009).

The region dividing the homosphere and heterosphere within the atmosphere is referred
to as the turbopause and is located, near the top of the mesopause, at altitudes of

approximatelyp Tt [ as illustrated irFigure 1.1

It has been argued thatthetythaus e represents the fAedge
this claim lies in the fact that it marks the end of the fully mixed atmosphere. Below

this region certain transport effects can often be ignored by atmospheric models.
Above this region moleculatiffusion dominates and additional transport effects must

be included if an accurate model of atmospheric behaviour is to be developed.

1.2.7 The lonosphere

The ionosphere is an electrically conducting atmospheric,l#yerexistence of which
was fird proposedn the 19" century to explain the observed diurnal variations within
the terrestrial magnetic field. In 1901 Marconi transmitted the first radio signals from
Europe to North America. Later Kennelly and Heaviside proposed that this was

possibé due to reflection of the radio waves off a conducting layer at an altitude of

7



Chapter 1:General IntroductionBackground Theorgnd Literature Review

approximatelyp 7€ [. This layer was subsequently named the ionosphere and since
that time numerous studies have shown that it plays an important role in atmospheric

dynamicsgenergetics and composition.

The upper and lower boundaries of the ionosphere are not well defined with the lower
boundary occurring betweentt @ 1E [. The upper boundary of the layer exists at
approximatelyp 1t TEn where it merges with the magnetosphene,area surrounding

the Earth in which ion motion is controlled entirdlyy t he Eart hds ma
Different layers within the ionosphere are defined by electron density profiles. This is

illustrated inFigure 1.3
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Figure 1.3: Definition of theionospheric layers based on electron density distribution

0

(Brasseur and Solomon, 1986).

The Dregion of the ionosphere extends from the lower boundary up to altitudes of
approximatelyp (£ . lonisation within this layer is dominated by the photoionisation
of nitric oxide ( /) from solar radiation at the Lymanline atp ¢ &1 . Radiation of

this wavelength penetrates deep into the atmosphere.-dfigigy cosmic rays are also
capable of penetrating deep into the atmosphere and contribute to the coéabios

within the Dregion. The rate of ionisation resulting from cosmic rays is highly



Chapter 1:General IntroductionBackground Theorgnd Literature Review

dependent on the amount of solar activity, with increased activity resulting in less
ionisation. This is due to the fact that increased solar activity leads &ases in the

solar wind which can in turn deflect cosmic rays away from the solar system.

The Eregion of the ionosphere starts at approximatelf | and extends upwards to
altitudes of approximately o Ei. This region is theesult of photoionisationf both
molecular nitrogen and molecular oxygby solar UV radiation. Phoianisation of
atomic oxygen by solar radiation in therXy region and at the Lymanline at

p a1 1 also contributes. s typically only short lived and undergoes rapitige
exchange reactions with. / is rather long lived and is present in large quantities
within the region along with / which is created through reactions.of with / .

. | and/ are therefore the dominant ions within theggion.

Above the Eregion the Fregion beginsaandis divided into two layers namely, tige,

and the& regions. Within the Fegion/ is the dominant ion present andcieated
through the photoionéion of/ by solar EUV radiation with wavelengths between
p1 priti.. isalso created within this region from EUV radiation. Howeasr

the amount of EUV radiation reaching the Earth is highly variable, and dependent on
solar activity, the location and size of the electron density peak, which falls within the
F-region, is also highly variable. This is shown Rigure 1.4 which displays the

diurnal variation in the ionospheric layers during solar maximum and solar minimum.
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Figure 1.4: The diurnal variation of the ionospheric layers during solar maximahal (s

line) and solar minimum (dashed line) (Hargreaves, 1979).

A typical peak in the electron density maximum for midday conditions is approximately

p XA | at altitudes between v E | ando Tt .

Within the bottom three,  E- and& - regions of the ionosphere, the lifetime of ions
created is typically quite short when compared to transport timescales. As such the
concentration of charged particles can be assumed to be controlled by photochemical
equilibrium between the production alods mechanisms. Given that the amount of ion
production is directly related to the amount of incoming ionising solar radiation, a clear

difference exists between the day amght-timeionospheres.

Within the Dregion, the photoelectrons created dgrihe day all but disappear during
the night as they recombine with other charged constituents. The electron densities

within the E and& regions are also significantly reduced during the night.

However above the& region the rate of recombination decreases and dynamical
processes such as molecular diffusion begin to play a major role. Th&srdgon

exists within the ionosphere during both the day and night. Above a further electron
density peak within th& region the concentration of electrons within the ionosphere

starts to decrease rapidly. At altitudes abpve i | electrons are no longer prominent

10
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and ions of helium and hydrogen dominate. At these altitudes the ions no longer form
horizontal layers abve t he pl anet but are instead
field.

An important feature of ionisation by high energy photons is that once a neutral particle
has absorbed the photon, the photoelectrons which are produced typically have enough
energyto ionise other particles. It is therefore important to distinguish between primary
and secondary photoelectrons. The number of secondary ions produced as a result of
the initial photon energy is capable of being large enough to significantly alter

ionogheric structure.

1.2.8 Geomagnetic Activity and Particle Precipitation
The interplanetary magnetic field (I MF)
which is said to be o6frozen in6 to the

spectrum of partc | e s entering t he Earthos at mo s
orientation of the I MF relative to the E

is shown diagrammatically iRigure 1.5
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Figure 1.5: Schematic representation of the structureéhef magnetosphere (Dobbin,

2005).
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If the IMF has a strong southward component, magnetic reconnection can occur which
leads to a coupling of the magnetic fields in the magnetosphere and the solar wind.
Plasma from the solar wind can therefore enter th¢ Bab s at mospher e

magnetosphere and along the Earthdés magn:

el

=)

Figure 1.6: lllustration of both closed and open magnetic field lines under conditions
of northwards IMF (a) and southwards IMF (b) (Hargreaves, 1979)

Figure 1.6ill ustrates the behaviour of the Ear:t
and southward (b) IMF conditions. When the IMF points northward the magnetic field
lines around the Earth are closed. When pointing southward the magnetic field lines are
open allaving for coupling of the magnetosphere with the solar wind. As the magnetic
reconnection process is highly complex, only a brief outline of the process will be given

here.

Energetically charged particles which enter the atmosphere, througiigthlatitudes,
provide an important energy input into the middle and upper atmosphere by heating and

ionising neutral particles.

Within the polar regions, where the Ear
generally enter the atmosphere with lower endhgyh those within the auroral zones
and have typical energies betwgen p TE A.6 These particles precipitate into the

Earthds atmosphere from the magnetospher

12
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with energies of a few A @re observed in the equatorward cusp of the auroral oval

and are capable of penetrating deep into the atmosphere.

These high energy particles can produce substantial amounts of secondary electrons
through ionisation, with energies ranging fronmt p 1t & 8vhich are responsible for a

significant fraction of the energy transfer from the primary particle to the atmosphere.

During stellar events, such as solar flasesl coronal mass ejections (CB)Elarge

amounts of high speed plasma are injected intcstier wind containing protons with
energies ranging fromp ™ o taTA 6 On arrival at the magnetopause, shown in
Figure 1.5 if the solar wind has a southward magnetic field, the energy and particles
within the solar wind will effectively be coupled into thear t hds at mos ph«
geomagnetic storm will ensue. When a geomagnetic storm occurs particle precipitation
increases and the auroral oval expands to lower than normal latitudes. Such events can
result in increased ionisation within the D region @& tbnosphere particularly aigh-

latitudes and change the composition of the neutral atmosphere.

The standard measure of geomagnetic activity is the planetaoyr® index (Bartels,

1932) This is obtained from the mean value of the disturbavedsién the nortksouth
geomagnetic field as observedpatstations. The levels at each station are determined

by measuring the range of the disturbance relative to an assumed quiet day curve during
three hour time intervals. This range is then conddrt a localb index which takes
values frommm  waccording to a quasbgaritmic scale. The three houdy index is a

linear scale directly related to te index whileo is a daily index obtained from the

average of thé indices for that day.

1.3 The Mesopause

Now that the main atmospheric layers have been discussed it is necessary to look at the
mesopause layer, the primary focus of this thesis, in more detail. Many of the details
that follow are found in Smith (2004).

The mesopause repe sent s t he col dest | ayer of t
temperatures as low as¢ #in the summer polar region. The fact that this region is

colder during the summer rather than the winter makes it unique in the atmosphere.

13
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s

This property is refere t o as Ot he mesopause anomal

Section 1.3.5

The mesopause is located at altitudes of approximgtefy w (£ i, although the
altitude can vary by up to (E I. Typically, the mesopause rises during the summer

months and descendsring the winter.

It is the least well understood area of the atmosphere primarily due to the inherent
complexity of the region and because of its location. It is too high for balloon
measurements, too low fon-situ satellite observations, and is tefare reliant on
remotesensing techniques. Only in the last number of years have satellites begun to
probe the region adequately and large amounts of data have been collesatellibgs

such as NASaAWMds EIAMWESD ENVI SAT mi adilimns wus

scanning techniques.

The complexity of the mesopause stems from the interplay of chemistry, radiation and
dynamics within the region which is currently not very well understood. This is
illustrated inFigure 1.7. Figure 1.7 will be explained m detail in the following

sections of this chapter and will be referred to at various stages.

The Lower and Middle Atmosphere at Solstice
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Figure 1.7: The lower and middle atmosphere (Meriwether and Gerg&@). Purple
arrows represent gravity waves, blue arrows represent planetary waves. Atmospheric
circulation is represented by yellow arrows. Solid lines represent westerly wind flow
and dashed lines represent easterly wind flow.
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1.3.1 Chemistry of the Mesopause

The primary source of energy production within the mesopause is through exothermic
chemical reactions involving the odd oxygen and odd hydrogen families. This differs
from the surrounding atmospheric regions where absorption of UV and EV ra
represent the primary source of energy. This can be seen in the thermal structure of the
region presented iRigure 1.8 which shows the annual mean temperature of the upper

mesosphere, mesopause and lower thermosphere.

Annual Mean Temperature
| T

105 T T T

" UV absorption by O
10— 2
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' reactions

90 —

Altitude (km)

UV absorption by O 3
|
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190 195 200 205 210 215

Temperature (K)
Figure 1.8: lllinois lidar observations of chemical heating (Stadesl Gardnerl999).

At altitudes above) TE | the absorption of UV radiation by decreases rapidly due to

its diminished concentration and results in a drop in temperature. At altitudes above
p il absorption of UV radiation by increases resulting in increasing
temperatures. Howeveat mesopause altitudes, absorption of UV radiation is at a
minimum and exothermic chemical reactions provide the dominant source of heat. This
temperature minimunat mesopause altitudes is visible Rigure 1.7 at altitudes of

approximatelyw TE [ in summer.

Chemistry in the mesopause region is dominated by the increasing concentration of
atomic oxygen within the regioh.is produced by the photodissociation oflewular
oxygen during the day and is one of the key components in the atmosphere at
mesospheric and lower thermospheric altitudes. A typieancentration profile is

shown inFigure 1.9
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Typical O Cancentration Prafile at 07, Spring Equinox
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Figure 1.9: Typical atomic oxygen concentration profile ovae tequator foMarch

equinox conditions.

Atomic oxygen is the most abundant minor species within the mesopause and is highly
chemically active with a mixing ratio that reaclpest at an altitude ofo & | (Russell

and Lowe, 2003). Within this region ofelatmosphere it is typically produced during
the day by the photolysis 6f in the SchumariRunge continuumg o ztp x b )

and the SchumarRunge bands( X ®» p wb [) via the following two mechanisms.
O,+hu- 0+0 (1757 230 nm) (R1.2)
O,+hu- O+0('D) (<175 nm) (R1.3)

This atomic oxygen is then removed from the atmosphere by the two separate reaction

sequences presented bel@inick et al, 1983).

Reaction Sequence 1 Reaction Sequence 2

/I | -0/ - RLA( | -0O°(/ - (RL6)
( / 9/ (C0 ¢ w / (RL(/ /1°7(C0 ¢ [/ (RLY)

I (o |/ (R15)/ [/ (°© ( [ (R1.8)
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It can be seen that the relative abundancé ¢f in the mesosphere is heavily
dependant on the amount of atomic oxygen in the surrounding atmosphere. This will be
discussed in more detail @hapter 3. However the net result of both of these reaction
sequences is the same, i.e., two atomic oxygen atoms recombine to fvimick et

al., 1983)

As the atmospheric pressure at mesopause altitudes is low, the rates at which these
reactions occur are si@r than might be expected in the lower atmosphere as the
chemical lifetimes of the reactants increase. This is illustratédyure 1.10in which

the chemical lifetime of th¢ / family (/ (,( / and( ) is shown to increase
considerably above approximbtep ¢& i. Chemical families will the discussed in

Chapter 2.
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Figure 1.10:Calculated chemical lifetimes of HOx for Sept. 23, 2004 at latitude 34N at
three different local solar times® E (» & E @ndc 1E (Pickettet al.,2006).

These slower reaction rates in the middle and upper atmosphere lead to relatively large
concentrations of these minor constituents within the regieigure 1.11shows the
mixing ratios of these minor constituents during both the day and the nightn tieca
seen that the mixing ratios increase by many orders of magnitude with altitude before

subsequently declining.
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Figure 1.11: Minor constituent mixing ratios in the middle atmosphere at day (solid
lines) and night (dashed lines) (Plane, 2009).

Of paricular relevance to this thesis is the behaviour of tifgadical and the reactions

involved in its production and loss. These are discussed in deGibipter 3.
1.3.2 Gravity waves

Gravity waves represent another significant source of the enemy into the
mesopause and originate in the troposphere (Andrews 1991). This is shown by the
purple arrows irFigure 1.7. They are small scale perturbations in wind, temperature,
and density within the atmosphere which oscillate in the transverse maties t
direction of propagation. These waves are generated in the troposphere when air has
been displaced in the vertical direction and the atmosphere subsequently attempts to
return to its equilibrium position. They are caused by a number of different
medanisms which include winds over surface topography, such as in the presence of
mountainous regions, and meteorological features, like thunderstorm updrafts and wind

shears.

If air is forced to rise in a stable region of the atmosphere, its natural tsndginbe to

return to its original position. Howeveatue to conservation of momentum, the parcel

of air will overshoot its original position numerous times before settling in its
equilibrium position. This results in the production of a gravity wavechv will
propagate vertically upwards through the atmosphere. As the atmospheric pressure

drops with increasing altitude, the amplitude of the gravity wave will increase until it
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reaches the mesopause. Within the mesopause it will break (as expldioethdo
Equation 1.3below) and deposit its momentum and energy as illustratedjime 1.7.
Atmospheric models which fail to take into account the effects of gravity waves
typically underestimate the temperature variations in the mesosphere and mesopaus

regions.

As these waves travel upwards and into the middle atmosphere their amplitudes

increase exponentially as a result of decreasing density. This can be shown easily by
considering the conservation of kinetic energy density given’lggs where” is the

density of the atmosphere at a heiglaindgusis the amplitude of the vertical velocity

component. Ifvis defined as a constant then

~
g

2as —8
g)‘) . s |7|n
(1.1)
However since density varies as
Q
Ao B
(1.2)

where” is the density at a heightt TE | and'Ois the scale height it follows that

(1.3)
and it can be seen that the wave amplitude increases exponentially with height.

Buoyancy forces act to restore the resulting oscillation untlitdnde is reached where
the local temperature perturbation induced by the wave produces a superadiabatic lapse
rate. At such a point the atmosphere is unstable and the wave begins to break or
dissipate. A cascade of turbulence is triggered withinreélgeon of breaking and the

energy and momentum of the wave are deposited into the region.

Lindzen (1981) and Weinstock (1982) proposed the idea that above the breaking level,
turbulent diffusion resulting from wave breaking prevents the wave amplituokes f

growing any larger. Using this idea it is possible to determine expressions for turbulent
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diffusion and momentum deposition which are both function$ ofd, being the
difference between the zonally averaged wirehd the horizontal phase speediuf
waveq At an altitude where the horizontal phase speed is equal to the background
wind speed such that & T, it is no longer possible for the wave to propagate and it

is completely absorbed. Momentum deposition occurs between the breakingnével

this upper limit.

It is the zonal mean forces arising from the gravity wave breaking which cause the
reversal of the midatitude zonal mean jets. Gravity waves in the mesosphere drive the
meridional circulation which causes the observed latituderaperature gradient to be

the reverse of that expected in the absence of wave driving (i.e. the summer mesopause

is colder than the winter).

Hickey and Walterscheid (1994) proposed that the time averaged effect of gravity
waves on the chemical exothermic heating could lead to heating rates that are greater
than those suggested by Mlynczak and Solomon (1991a, 1991b, 1993). Several studies
sugget that gravity waves can lead to changes in the thermal structure of the middle
atmosphere through the dissipation of waves as well aswave interactions (Liu and
Hagan, 1998; Liet al.,2000; Medvedev and Klassen, 2003).

Gravity wave representatiowithin numerical models will be discussed further in
Chapter 2. Howeverit is worth noting here that the scale of GCM coordinate grids are
typically too large to explicitly solve these smsatlale oscillations and that applying
grids with better resotion results in prohibitive computing overheads. As a result, a
number of gravity wave parameterizations have been developed which require the
specification of a gravity wave source spectrum in the lower atmosphere as input. A full
review of gravity wavelynamics and their effects in the middle atmosphere is provided
by Fritts and Alexander (2003).

1.3.3 Planetary Waves

The thermal structure of the stratosphere is strongly modulated by dynamical features,
as is the mesosphere. (Andrews, 2000) Durintgtise conditions the summer
hemisphere is not far removed from thermodynamic equilibrium. Howtheemwinter

hemisphere is found to be warmer than it should be if it were controlled by radiative
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processes alone. The extra heating of the winter hemesphea result of th8rewer

Dobsoncirculation and is illustrated iRigure 1.12
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Figure 1.12: Zonally averaged methane volume mixing ratio in ppmv for January. The

BrewerDobson circulation pattern is superimposed using white arrows (Ojeda, 2006).

Air rises within the tropics before moving poleward and subsequently descending again
into the troposphere in the mitb highlatitudes. This circulation is represented above
by the white arrows overlapping the concentrations of methane within the aenesp

It is caused by the dissipation of planetary waves in the extra tropical winter

stratosphere.

Planetary waves are stationary, or slowly moving westward propagating oscillations,
that are generated in the troposphere and propagate up into the atiddphere.

They arise from background wind interactions with topographic and thermal features in
the troposphere such as land masses andoeeah heating contrasts. These waves are
unable to propagate under conditions of westward flow as they carowa through
regions where the background wind is equal to the planetary wave horizontal phase
speed (Charney and Drazin, 1961). This is illustrated by the summer hemispheric blue
arrow inFigure 1.7. For this reason significant planetary wave activétyimited to
regions in the stratosphere, and lower mesosphere, where the zonal flow is eastward,
such as in the case of the winter hemisphere. This is illustrated by the winter
hemispheric blue arrow shown Figure 1.7. Planetary waves therefore proptg
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upwards in the winter hemisphere before dissipating in the middle and upper

stratosphere as also showrFigure 1.7and with more detail ifrigure 1.13

Zonal wind, January 1979-1997
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Figure 1.13:Zonal mean wind for January 19794997, (NASA, 2000).

The dissipation of planaty waves can occur as a result of two processes, namely
radiative damping and wave breaking. Radiative dampening relates to the thermal
dissipation of the wave in which radiative processes decrease the temperature gradient
associated with the wave. Ttimescale for these processes is sufficiently long that it is

unlikely to play a major role in controlling the amplitude of the planetary waves.

Wave breaking occurs in regions where the velocity of the planetary wave is the same
as the velocity of the ean flow. This is believed to be the dominant process by which

planetary waves dissipate within the stratosphere (Shepherd, 2000). Wave breaking of
stationary planetary waves occurs in the subtropics of the winter hemisphere where the

zonal wind speed i®ero.

When planetary waves break within the vicinity of the winter time stratospheric polar
night jet stream they deposit their westward momentum into the region. This results in
a deceleration and displacement of the jet stream. This displacenuevs mlid- to
low-latitude air to enter into the polar regions resulting in sudden stratospheric
warmings. Radiative cooling within the polar winter region must then occur if
thermodynamic equilibrium is to be restored. This cooled air subsequently sthis a
replaced by warm air from lower altitudes in timéd- to low-latitudes which rises to
replace it. In this fashion the equator to pole Breldebson circulation is set up
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allowing for the transport of momentum, energy and atmospheric constituentfofo
to hightlatitudes. Without this circulation the winter stratospheric pole would be
significantly cooler than is actually measured.

It is found that theNorthern hemispher&vinter experiences a greater deposition of
momentum by planetary waves ttila to the southern hemispheric winter. As a result

of this the BreweDobson circulation within thé&lorthern hemispheris stronger than

in the southern which in turn leads to stronger downwelling over the north pole and thus
warmer temperatures overetmorth pole than over the south. This asymmetry in
planetary wave activity results from the fact that planetary waves are primarily forced
by topography and lamsea contrasts which are much stronger in Mwthern
hemispherehan in the southern. Therthern winter hemisphere therefore experiences
greater planetary wave forcing than the southern winter hemisphere.

1.34 Tides

All planetary atmospheres experience gravitational tides as a result of their motion
around their local star. Gravitatiortades will also be induced by any orbiting satellites

or moons the most common of which is the
the gravitational attraction of the Moon. Tides can also be thermal in nature and driven
by solar heating of thetmosphere. These tides, also referred to as migrating tides,
follow the apparent motion of the Sun moving westward throughout the day. In the
Earthds atmosphere ther mal tides are the

migrating tides still playan important role.

Atmospheric tides are present throughout the different layers of the atmosphere from the
troposphere to the thermosphere. They can be described as planetary scale oscillations
that have periods which are sotultiples of theg thour dg. Diurnal tides refer to

tides with a period of thours, while semidiurnal and terdiurnal tides have periods of

p cand Y hours respectively. These tides can exhibit a profound effect on the
background atmosphere and play an important role in the dngnradiation and
dynamics of the atmosphere particularly in the mesosphere lower thermosphere (MLT)

region.

Absorption of solar infrared (IR) radiation by water in the troposphere, UV radiation by

ozone in the stratosphere, and EUV radiation of mole@xggen and nitrogen in the
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thermosphere are the major drivers of th
the lower atmospheric levels, such as the troposphere and stratosphere have components
which can propagate upwards into the thermosph@hagman and Lindzen, 1970).

These tides dominate those generated locally.

Ground level measurements of atmospheric pressure show that the semidiurnal tide is
more dominant than the diurnal tide (Bartels, 193R)1860Lord Kelvin put forward

the theorythat this was due to atmospheric resonance at the semidiurnal frequency.
This theory would go on to be the dominant theory for the next seventy years until it
was disproved by Taylor (1936). Taylor showed that the atmosphere had a very weak
response tahe semidiurnal resonant frequencies. Further work by Pekeris (1937) on
the temperature distribution of the atmosphere appeared to lend support to the theory
when his predictions of the atmospheric temperature distribution conformed with the
observationad at a col |l ected by Martyn and Pull e
War Il when rocket measurements of the atmospheric temperature profile were recorded
and the resulting profiles were found to differ from that of Martyn and Pulley, that
Jacchia andKopal (1951) concluded that the resonance theory was insufficient to

account for the increase in the amplitude of the semidiurnal tide with height.

Lindzen (1967) carried out a theoretical investigation of the diurnal tide and was able to
explain the obgeed features. Using the tidal equations of Laplace, Lindzen showed
that polewards of +30° latitude the diurnal tide was incapable of propagating vertically
while the semidiurnal tides were. This is due to the fact that, treating the diurnal tide as
a gavity wave and considering the Coriolis paraméger ¢LIO B i(wherel/ is the
Eart hds r ot atrhiisdatitade), the eiurmaktidetcgnnoapnopgagate vertically

if the frequency is less thagtli Q& Since at these locatiogsthours is longer than

the local pendulum day, the diurnal tide can no longer propagate. Furthermore,
equatorwards of £30° latitude only 20% of the diurnal forcing goes into propagating
modes. The result is that the diurnal tide is shown to be much wéakerthe

semidiurnal.

In addition, diurnal components of the tides have smaller vertical wavelengths when
compared to the semidiurnal tides resulting from their long period and narrower
latitudinal range. They are therefore more susceptible to des&unterference and
damping (Hines, 1960; Chapman and Lindzen, 1970).
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Numerous other theoretical investigations of the atmospheric response to global tides
using the Laplace equations have been conducted (Chapman and Lindzen, 1970;
Holton, 1975; and Vollad, 1988).

Assuming the atmosphere is in geostropic balance, detail8édtion 1.8.6 leads to

more simplified forms of the equations of energy and momentum to which oscillations
can be applied. These are known as lthplace Tidal Equatiorand theVertical
Structure Equationwhich describe the latitudinal structure of tidal amplitudes and
vertical structure of tides in the atmosphere respectively. The theory predicts that any
global tidal perturbation can be resolved into eigenfunctions, referres Hough
modeswhich are written in the forms(n and are characterised by longitudinal
wavenumber,s, and a latitudinal wavenumben. Diurnal tides have a zonal
wavenumber 1 and are described by the sefl@ Hough modes. The semidiurnal
tides aredescribed by the set a2,6) Hough modes and so on. Positive values afe

used to describe vertically propagating modes while negative values are used to describe
modes where the forcing is physically trapped and therefore do not propagate vertically
through the atmosphere. Even values@ire then used to describe modes which are
symmetric around the geographical equator while odd values describe modes that are

asymmetric.

Tides can have a profound influence on the chemistry, composition andidgrwdrthe
atmosphere and will be looked at in detail in this thesis. Changes in temperature and
local density as a result of tides can have a significant effect on composition and the
atmospheric physical structure through modulation of temperature dbegereaction

rates in the chemistry. Variations in the dynamics of the atmosphere and in the winds
can further alter transport of the atmospheric constituents. Furthermi@mactions

with other atmospheric oscillations, such as gravity and planetavgs, can enhance

the influence tides have on the background atmosphere (Dobbin, 2005).
1.3.5 The Mesopause Anomaly

If the atmosphere is assumed to be in radiative equilibrium it would be expected that the
atmospheric temperature would be closely related to the distribution of solar heating in
the atmosphere. The temperature of the mesopause would reach a maximtime over

summer pole at solstice where the sun shineg fdnours a day. A temperature
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minimum would be expected at the winter pole where radiative heating would be

considerably diminished during the polar night.

In reality this is not the case. The tengiare maximum of the mesopause is located
over the winter pole while the temperature minimum is located over the summer pole.
These extremely low temperatures in the mesopause during the summer months are
believed to cause the appearance of noctilucenpotar mesospheric, clouds in the
middle atmosphere as statedSection 1.2.3

An explanation for this anomaly was first proposed by Murgatroyd and Singleton
(1961) who suggested the idea of an Hitemispheric circulation. As air rises in the
summer lemisphere it is cooled adiabatically. In the winter hemisphere downwelling
air is heated adiabatically as it descends. This sets up a summer to winter meridional
circulation in the mesopause region which accounts for the observed mesopause

temperaturesThis is illustrated irFigure 1.14
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Figure 1.14: Meridional circulation of atmosphere into the winter hemisphere (Plane,

2009). Arrows represent the path of warm (red) and cold (blue) air respectively.

In order for this to occur, a westward drag in the mesospheric winter hemisphere and an
eastward drag in the mesospheric summer hemisphere must exist to balance the Coriolis
force associated with the meridional circulation. Houghton (1978) proposed that
gravity waves may be able to provide the required drag. Later Lindzen (1981) showed
that if vertically propagating waves were selectively absorbed as they travelled from the
troposphere to the mesosphere more westward waves should be present in the winter

mesosphere and more eastward waves present in the summer mesosphere. Currently it
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is believed that breaking of these gravity waves in the mesopause is enough to drive the

observed meridional circulation.
1.4 Atmospheric Heating

In order to accurately pdé&ct the energy balance within the middle and upper
atmosphere a number of key physical and chemical processes must be considered.
Factors including the absorption of solar radiation by the atmosphere, the storage and
release of chemical energy, the tgams$ of energy, the dissipation of wave
disturbances, auroral and airglow heating and cooling by radiative emissions all

contribute to the total energy budget of the atmosphere.

Typically high energy, short wavelength @ mini , radiation is absorbed ithe
thermosphere at altitudes above approximately . Longer wavelength radiation

in the visible and infrared is capable of reaching the planetary surfaigere 1.15

from Brasseur and Solomon (1986) shows the depth of penetration of high energy
radation as a function of wavelength within the atmosphere up to wavelengths of

o ntini. The principal absorber species over this wavelength range are also shown.
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Figure 1.15: Depth of penetration of solar radiation as a function of wavelength.
Altitudes correspond to an attenuation @fQ. Principal absorbing species and

ionisation limits are indicated (Brasseur and Solomon, 1986).
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It can be seen that at wavelengths less thanit | radiation is highly attenuated
within the thermosphere. Radiationitiva wavelength above il is typically

absorbed by two atmospheric speciesand/ , within the middle atmosphere.

Taking each atmospheric layer in turn, the primary source of heat within the
stratosphere is the absorption of solar UV radiatiort bwithin the Hartley ¢ m o
o b | bands, shown ifFigure 1.15 and the Hugginso v o wix | bands. This
can result in a heating rate that reaches approximately A 1 B &/OA kear the

stratospause depending on the amount of ozone present.

Within the nesospheré ,/ and# / are the principal absorber species absorbing
radiation at wavelengths ranging from the Lymaline p ¢&l [ , in the UV, to the

mid infrared att&‘ [ . As the concentration of ozone decreases with altitude within
the mesosphere, so too does the amount of absorption of radiation within the Hartley
and Huggins bands. As a result, the heating of the atmosphere associated with these
bands also decreasesntributing to the temperature gradient within the mesosphere.
Typically most of the energy input into the mesosphere, as a result of the absorption of
radiation by/ and/ , does not result in heating of the atmosphere. It is instead
redistributed as @@mical potential energy or internal energy of electronically and
vibrationally excited species which are produced as a result of photolysis reactions.
This internal energy can either by quenched through collisions with other atmospheric
constituents restihg in heating of the mesosphere or it may be radiated away in the
form of airglow thereby significantly reducing the energy available for heat. The
heating rate of the mesosphere therefore strongly depends on where and how this

chemical and internal ergy are deposited.

One example of this feature is the transport of absorbed solar energy resulting from the
dissociation and eventual recombination/of Atomic oxygen resulting from the
dissociation of/ typically retains much of the energy absorbeéd the
photodissociation reaction as chemical energy. At altitudes apa¥el atomic
oxygen has a lifetime of approximately one day and can therefore be transported
significant distances from the site of the original photodissociation reaction. When
recmbination occurs the stored chemical energy is subsequently released as thermal

energy.
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Within altitudes ofy TE | to w (& | heating of the atmosphere as a result of exothermic
chemical reactions between neutral constituents is a significant source.df baa, in

fact, exceed heating resulting from the absorption of radiation. In the mesosphere a
local temperature maximum arises from the recombinatidnasfd/ forming/ as

well as from quenching of $ which is created during the photodissaciat of

ozone. Reactions with odd hydrogen species further augment this exothermic heating of
the mesosphere, in particular the reaction of atomic hydrogen and ozone, which will be

discussed in greater detail@hapter 3.

Above | TE | the majority of inoming radiation at wavelengths belawr 1t | is
absorbed due to the large absorption cross sections of the atmospnstituents.
Absorption of radiation by/ within the SchumamRunge bandsp x v ¢ T irti
results in direct heating of the atmospherenimithe lower thermosphere. This heating
subsequently increases with altitude /as starts to absorb radiation within the
SchumansRunge continuump o 1tp x b | . At altitudes of approximately v & |

this can result in a heating rateoft T # A1 H EOA

At altitudes above v i, heating of the atmosphere results from the absorption of
EUV radiation with wavelengths betweprnrandp miti. Heating rates resulting from
absorption of this radiation are strongly dependent on the solar cycle and produce
maximum heating rates that vary framm ¢ 1 e AZOA dépending on whether

the solar cycle is at a minimum or maximum. This can lead to significant changes in

temperature within the thermosphere over the course of a solar cycle.

Furthermore, within th thermosphere, the primary atmospheric constituents undergo
photodissociation. If the incoming radiation is energetic enough, these
photodissociation reactions can also result in the production of photoelectrons. When
ejected these photoelectrons caawyay a proportion of the energy released during the
dissociation reaction as kinetic energy, while the remaining energy is stored as chemical

energy within the ion product.

Collisions between these photoelectrons and other atmospheric constituentsiltam res
heating of the atmosphere as the kinetic energy of the electrons is transformed into heat
energy during the collision. In some cases, if the photoelectrons have sufficient energy,

these collisions may result in further ionization reactions, ortrel@c or vibrational
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excitation of the atmospheric constituents with which they collide. These excited
constituents can subsequently be quenched through collisions producing heat, or radiate

the energy in the form of airglow emissions.

The chemical errgy of the ion produced during the dissociation reaction can either be
regained during recombination with an electron, or can be transferred to other ions

through charge transfer reactions.

Exothermic reactions within the thermosphere can also playearrohe distribution of
energy. Atomic oxygen, produced as a result of chemical reactions after
photodissociation, can play a significant role in transporting energy. Thatgens
travel downwards into the lower altitudes where three body recombination cain

occur through the reaction

(R1.9)

In this way thermal energy released in the thermosphere is transported away from the

site of the original dissociation reaction and into the middle atmosphere.

Another form of heating within the thermosphere results from the solar wintlight

latitudes the solar wind is capable of depositing large amounts of heat into the
atmosphere through Joule heating and particle precipitation. Joule heating is the result
of collisions between neutral particles within the atmosphere and energetic ions that
have bem accelerated to higher velocities by thgh-latitudeelectric field. Heating as

a result of particle precipitation results from the collision of neutral particles and
energetic ions that have been acceihter at e
the polar region. The depth of penetration of these electrons is highly dependent on the
strength of the magnetic field and perturbations within the field can result in large
variations in the amount of incoming electrons and in the subsequent spéenio

heating.

Dynamical processes can also play a role in the deposition and redistribution of energy
within the atmosphere. For example, the dissipation of gravity waves within the
mesosphere has been shown bydtial. (2000) to produce chemicagdting rates of up

to p 1 B AZOA USubsequently Medvedev and Klassen (2003) described the thermal
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effects of gravity waves on the mean flow, concluding that the effect of saturating
gravity waves was to produce both differential heating and cooling nwithe
atmosphere. Unlike heating and cooling resulting from chemical and radiative
processes, dynamical processes are often very difficult to measure. It is often the case
that modelling studies are used to infer the effects of dynamical processes using

accurate knowledge of the chemical and radiative sources and sinks of energy.

A summary table of the primary sources of heating within the atmosphere resulting

from incoming solar radiation is presentedliable 11 below adapted from Beigt al.
(2003)and Dobbin (2005).

Feature Wavelength Principal Location
Range Atmospheric
Absorber
Middle infrared bands| c8tcgha* | #/ Mesosphere
Atmospheric band X okl #/ Mesosphere
Chappuis Band owx Yl / Troposphere
Huggins Band omuowll / Troposphere an
stratosphere
Hartley Band ¢rnmoombl / Stratosphere an
troposphere
Herzberg Continuum | ¢ ¢ 1 i / and/ Mesosphere
SchumanrRunge pxuc i / Lower and middle
Bands thermosphere
SchumanrRunge pompxbi / Middle thermosphere
Continuum
Lyman U pcdpl i / Mesosphere
] Lower thermosphere

FUV pTTC T /A h Middle and uppe

/R thermosphere
EUV p p i /AW h Middle and uppe

/R thermosphere

Table 11. Primary absorbers of solar radiation from the stratosphere to the

thermosphere with associated wavelength ranges @eilg,2003; Dobbin, 2005).
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1.5 Atmospheric Cooling

The thermal structure of the stratosphere and mesosphere layers of the atenosphe
arises from a state of equilibrium between absorption of UV radiation and emissions in
the IR. Cooling within these layers is dominated by radiative emissions and in
particular through emissions fro#h/ atp Ui . Other radiative emitters within the
lower mesosphere include atuw#‘ | and( / aty 1ti and in the upper mesosphere
the/ (* Meinel Bands which span the IR spectrum. There is also a minor contribution

to cooling resulting from downward turbulent heat conduction.

Below TE | a state ofocal thermodynamic equilibrium is typically assumed to exist

as collisions between atmospheric constituents are quite frequent. At higher altitudes
this assumption no longer holds. The increasingly rarefied nature of the atmosphere
with altitude and fetors such as radiative absorption between energy levels and energy
transitions due to collisions with other atmospheric constituents need to be considered.
For example, the deactivation of vibrationally excited through collisions with
atomic oxygenesults in & / cooling maximum at the mesopause. This is a complex

process and the calculation of cooling rates within the mesosphere is not a trivial task.

Above altitudes of approximatefy t i I, the concentration &f / drops significantly

and downward molecular heat conduction becomes the dominant source of cooling.
Between altitudes @i ¢ Tt ¢ Ttk [ the radiative emissions of / atu®* | contribute
significantly to the total cooling rate. In the upper thermospherss@ms resulting

from the fine structure of at@ ¢ are the dominant source of radiative cooling

although it plays only a minor role in the overall thermal balance.

The atmospheric heating and cooling mechanism describ®8dations 1.4and1.5 are
summarised irFigures 1.16and1.17 which show the global heating and cooling rates
within the middle and upper atmosphere as calculated by the NCAR globally averaged
mesosphere thermosphere model under solar minimum conditions expressed in units of
+TA AU
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Figure 1.16: Global heating rates calculated by the NCAR globally averaged
mesosphere thermosphere model for solar minimum (Roble, 1995). Uriitd a@3 ¥
day), whereQT is the total heating raté€)c is heating due to ieneutral exothermic
chemtal reactions] is heating due to neutrakutral exothermic chemical reactions,

1 is Joule heatingl is heating due to particle precipitatioh, is heating due to
collisions between thermal electrons, ions and neutfals$ is heating due to
quenching of/ $ , SRB and SRC are heating due to absorption/ byn the
SchumanfRunge continuum and bands, is heating due to absorption by in the

Hartley, Huggins and Chappuis bands.
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Figure 1.17: Global mean cooling rates calculated by theARCglobally averaged
mesosphere thermosphere model for solar minimum (Roble, 1995). Uriitd a@3 ¥
day) where QT is the total neutral gas cooling rateM is the cooling rate due to
downward molecular thermal conductien, is the cooling rate due to eddy thermal
conduction, /is radiative cooling due to th&* | emission from nitric oxidet /

is radiative cooling due to the U i band emission from carbon dioxide, O is
radiative cooling from thep d i fine structwe emission of atomic oxygen, is

radiative cooling due to the®‘ | emission from ozone.
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1.6 Atmospheric Modelling

The history of atmospheric modelling begins with weather forecasting. For thousands
of years human societies have attemptedredict weather events so that farmers could
produce crops, sailors could survive at sea and settlers could avoid potential weather
related disaster areas. Even some 2@4¥s ago the Roman poet Virgil forecast that
ARai n and wi ndunderrcelassped a(fdteecobasarmh, 2005)

Not unt i | the 18706s did weather foreca
become a recognised profession and even during this period, despite the ever increasing
amount of data available to forecasters, many viewedotofession as more of an art
form than a science and much of these d
Vilhelm Bjerknes of Norway promoted the idea that weather forecasting should be
based on the laws of physics. V. Bjerknes (1904) suggesatdite evolution of the
atmosphere could be described in terms of seven primary variables, namely pressure,

temperature, air density, air water content, and the three components of wind velocity.

Bjerknes further realised that many of these variables could be determined using the
laws of physics already discovered, including the continuity equation of air, the ideal
gas | aw, the hydrostatic equation,ondthe f
law of motion although he doubted that they could be solved analytically.

In 1918 Lewis Fry Richardson first proposed a practical means of finding solutions for
the above variables using numerical integration methods. Richardson (1922) showed
how ths might be accomplished although the forecast used to test the method was
ulti mately wunsuccessful. For the next 1
therefore ignored until John von Neumann proposed that the primary task of ENIAC,
(Electronic Numex a | |l ntegrator and Calcul ator),

computer, should be weather forecasting.

Subsequently, under the directorship of Jule Charney, ENIAC produced the first one
day numerical weather forecast in 1950 for a 1 dimensiondD) (barotropic
atmosphere, i.e. a homogeneous atmosphere of uniform density and in which there is no
vertical motion. The results of the project are discussed in Charney, Fjortoft and von
Neumann (1950). In the following years baroclinic models, in wingtical motion is
allowed, were quickly developed. Over the past 60 years, as a direct result of vast
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improvements in computational capabilities, numerous primitive equation models,
which solve the basic equations of motion, continuity and energy witén
atmosphere, and which require colossal numbers of calculations, have been developed.

Today the age old concerns of farmers and sailors are still as pertinent as ever. The
added concerns of society such as global warming, incréaseeimissions irindustry
worldwide, aerosol emissions, and overall general pollution has necessitated numerous
branches of these atmospheric models. These models are used to test our understanding
of the physical, chemical and radiative processes that govern our atmeygphessess

the validity of our scientific theories and to make predictions about the long, and short,
term behaviour of our atmosphere. In the following section, one type of atmospheric

model known as a General Circulation Model (GCM) will be introduce
1.7 General Circulation Models (GCMs)

The very first at mospheric GCM6s focusec
atmosphere. It was believed that, as a result of their rarefied nature, the upper
atmospheric layers could not have a significaffluence over the lower atmospheric

layers. Thereforethe upper layers could not have an influence over the terrestrial
climate. GCM6és are for the most part s}
focuses on the lower atmospheric layers, such as the U.K. Meteorological Office
Unified Model and the U.SNational Centre for Atmospheric Research (NCAR)
Coupled Community Model (CCM2). Both models are actively involved in weather
prediction and climate research. The second group focuses on the upper atmospheric
layers such as the National Centre for Atnwsc Research (NCAR) Thermosphere
lonosphereMesospherd=nergetics (TIME) GCM, the Max Planck Institute (MPI)
Hamburg Model of the Neutral and lonised Atmosphere (HAMMONIA) GCM and the
University College London (UCL) Coupled Middle Atmosphere and Therhwsp
(CMAT2) GCM employed in this thesis. Chemical and transport models such as the
NCAR ROSE Model also exist and are somet |

I n more recent years the importance of
apparent and new models bBuas the Whole Atmosphere Community Climate Model
(WACCM) are under constant developmé@trciaet al.,2007) Currently this model

extends from the surface of the planet up to altitudes of approxinpateliz i, into the
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lower thermosphere. To date, thes no GCM that fully extends from ground level to

the upper thermosphere. It is expected that with further development of the model code
WACCM will be the first GCM to extend from the surface to altitudes of approximately

v mEI. The UK Met Office isalso in the process of coupling their unified model to
CMAT2 representing another attempt at a whole atmosphere model aimed at producing
better space weather predictions although significant amounts of work remain to be

completed.

CMAT?2 is an extensionfathe very first global dlimensional (D), time dependent
GCMs developed by FulldRowell and Rees (1980) and Dickinsenal. (1981), which

self consistently solved the fully coupled Alamear timedependant equations of energy
and momentum within thapper atmosphere (Dobbin, 2005). Since their inception in
1980 these models have undergone numerous developments incorporating self
consistent calculations of atmospheric composition and ionospheric parameters (Fuller
Rowell, 1984; Roble and Ridley, 1994uller-Rowell et al., 1996; Millward et al.,

1996; Dobbin, 2005) dynamical processes such as tidal forcing (Muitbelarg, 1997),
gravity wave parameterisati onetal,(2008)ye r ,
well as undergoing a number of overhaul®rder to increase model efficiency (Harris,
2001; Harriset al, 2002). The latest versions of these codes are regularly used in
studies of the middle and upper atmosphere and continue to evolve. More details of the
CMAT2 model will be presented i@hapter 2.

For this thesis the CMAT2 model was chosen for incorporatidn (6fchemistry above

the more well established models of WACCM and HAMMONIA. The primary reason
for this choice was the CMAT2 model adaptability. Since CMAT2 can be described as
anupb and coming model 6 there is greater
WACCM or HAMMONIA. Much of the code is not locked in, as with WACCM, and
therefore major changes to atmospheric routines can be implemented and their effects
on atmospherideatures examined. Atmospheric features such as tides and gravity

waves can also be easily turned on or off between individual model runs.

The WACCM model was considered unsuitable for this thesis primarily because it
outputs model data gt thour modé day intervals. This effectively eliminates the
models capability to look at longitudinal variations which are independent of local time.
This is shown in Kowalewsket al. (2014). CMAT?2 outputs model results at hourly
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intervals making it much more s$able for such studies. The WACCM mao@elertical
resolution is also substantially less than that of the CMAT2 model at mesospheric

altitudes making studies of the altitudinal distribution difficult to accomplish.

The HAMMONIA model was discounted fotsi high horizontal resolution. With a
spectral model grid with triangular truncation (T31) the model has a horizontal
resolution ofo& Jdwhich would significantly increase the processing power required
and time necessary to complete model runs. Thedmal resolution at mesospheric
altitudes is also less than that of CMAT2 at approximatelyi and depends on
temperature. Since the inclusion bf(* chemistry is expected to require high
computational resources it makes sense to choose a model wahrésmelution in one
axis which offsets this requirement. The longitudinal resolution of the CMAT2 model,

set atp | meets this requirement.

Finally, in the literature to date, the author is unaware of aByn3odels which have
incorporated/ (° chemistry apart from the ROSE chemical model. The model
resolutions of ROSE and CMAT2 are also the most similar and both smodéitain

the same lower boundary pfuE | making the results from these models more suitable

for comparison. Inthe followingect i on t he basic equati on:

be presented.

Table 1.2below provides some summary details of the GG@Msussed in this thesis.

Model Name Description Details

CMAT2 Coupled Middle Harris (2000) GCM adopted for this
Atmosphere and Dobbin (2005) thesis. Adaptable. Low
Thermosphere longitudinal resolution.

WACCM Whole Atmosphere | Garciaet al.(2007) | Code locked in, low
Community Climate vertical resolution and
Model data output at 24 hr

intervals.

HAMMONIA | Hamburg Model of | Schmidtet al. (2006) | Triangular truncation
the Neutral and grid. High horizontal
lonised Atmosphere resolution. Too high for

inclusion of/ (°.
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ROSE National Centre for | Marshet al.(2006) | Most similar to CMAT2
Atmospheric model. Same lower
Research (NCAR) boundary. Officially
Model classed as Chemical an
Transport model.

Table 1.2: Summary of GCMs discussed in this thesis including official names, papers
with model descriptions and relevant details.

1.8 Basic Physial Principles

As mentioned irBection 1.6t was pointed out by Bjerknes (1904) that the evolution of

the atmosphere could be described in terms of the seven vapaddssare, temperature,

air density, air water content, and the three components of wetatity. These
variables can be solved for using the continuity equation of air, the ideal gas law (or
equation of state), the hydrostatic equation, the first law of thermodynamics and
Newtonds second | aw of moti orachofthegelawss t h

and principles, as well as some related features.

However firstly, it is worth noting that a quick consideration of these laws will reveal
that they can be reduced even further into problems related to the basic physical
principles of:

a) conservation of momentum
b) conservatiorof mass

c) conservation of energy

SinceNewt onds second | aw essentially embo
momentum, this will allow for the determination of wind velocitieEhe continuity

equation embodies the principle of conservation of mass, accounting for both air density
and water content. The first law of thermodynamics is a statement of the principle of
conservation of energy allowing for determinations of heat ampdeature. Finally,

the ideal gas law, in conjunction with these principles, allows for the relation of

guantities such as pressure, temperature and density.
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1.8.1 The Hydrostatic Equation

Due to the fact that the atmosphere sur
gravitational field the density of the atmosphere will fall off exponentially with altitude.
The atmosphere can therefore be thought
surrounding the planet. Since the atmosphere is very thin the scope of vertical motion is
typically quite small, especially when compared to horizontal motions. As such the
assumption of hydrostatic equilibrium within the atmosphere, under wghatitatonal
forces on any parcel of air are balanced by buoyancy foreesften a very good
starting point when constructing atmospheric models. This can be expressed
mathematically as
or

(1.4)
where” is the density of the atmosphere anid the pressure at an altitudeabove the
surface of the planetQrepresents acceleration due to gravity and is typically held as a

constant as it falls only slightly over the total depth of the atmosphere.
1.8.2 Geopotential

A useful quantity that emnges from the hydrostatic equation is geopoteriialwhich
is defined as the work that must be done in order to raise an air parcel of unit mass

through an altitudéwi t hin the Earthodés gravitational

If &is the height of a surface of constanessure) on which two neighbouring points

ando have the samecoordinatgwis an axis on the plane of constant pressiie)

T, T, o
r§w7§q n e

(1.5)

Using the hydrostatic equatiorquation 1.4), this can be rearranged to shthat

g%a pr N
® T o

(1.6)
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and similarly for— such that

g
(1.7)
wheren 1 is the gradient ofiin the surface of constant pressukegquation 1.7 relates

the gradient of pressure in a horizontal surface to the gradientgbit fve a surface of

constant pressure (Houghton, 2002).

However since"Quaries with both altitude and latitude it is useful to define geopotential

as

(1.8)
or

B Q0K
(1.9)
Geopotential is typically expressed in terms gafopotentialheight given by 7'Q

where'Q is the standard value @ It will be shown inSection 1.8.@hat geopotential

simplifies the equations of motion by eliminating density from the equations.
1.8.3 The Equation of State

The equation of state for a perfect gas with a molecular wéiglaind at a temperature

“Ycan be expressed as

” d h

YUY
(1.10)

whereYis the gas constant per mole. Substituting this equatiorEigt@tion 1.4 it

can be shown that

(1.11)
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whereO —— and is known as thecale height."Orepresents the increase in altitude

for which the pressure falls off by a factor@#% ¢& c.

The value ofOdiffers for the different atmosphere constituents due to their different
molecular weights. Howeverwithin the atmosphere turbulent mixing below the
turbopause all ows for t he cal cul ati on
approximately)E | up to altitudes of almosp mE(. Above the turbopause
(~p T ) the pressure of each atmospheric constituent will subsequently fall off at its

own particular scale height.

On integration oEquation 1.11an expression for the pressure of the atmosphere at an

altituded can be found and is given by

ol R

n nAagb
(1.12)

wheref i s the pressure of the atmosphere at

It is therefore possible, under the assumption of hydrostatic equilibrium, to investigate
variations in the first variable proposed by Bjerknes (1904), pressure.

1.84 The First Law of Thermodynamics

The first law of thermodynamics describes the principle of conservation of energy

within the atmosphere and can be expressed as

YY 0
(1.13)
whereY'Yis the change in the internal energy of a systeiis, the heat absbed by a

system andb is the work done by the system.

Consideration of this law on an atmosphere in hydrostatic equilibrium leads to the
calculation of an important quantity within the atmosphere known asdibbatic lapse

rate for dry air, .  describes the temperature gradient of a dry atmosphere with
altitude. This quantity can be used to investigate temperature gradients within the

atmosphere as well as identify both stable and unstable conditions within the
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atmosphere depending on whethbe ttemperature gradiei "¥Q d¢is less than, or
greater thang. As such this accounts for the second atmospheric variable proposed by

Bjerknes, temperature.
1.8.5 The Adiabatic Lapse Rate

Considering an atmosphere in hydrostatic equilibriumyérgcal motion of a parcel of
air at a pressung, temperaturéY with a specific volumed, and of unit mass can be
described by the first law of thermodynamics expressed as
QR . QY  Qw
w —

Qo 00 Tqo
(1.14)

where® is the specific heat capacat constant volume. If no heat enters, or leaves,

the parcel— tand the motion of the parcel is said todoabatic.

Under such conditions, if the temperature of the parcel increased, sufasequently
ascends, the pressure on the pavadll decrease and the volume of the parcel will
increase. Howeveexpansion of the parcel requires that work is done and as such the
temperature of the parcel will drop leading to a decrease in pressure and density. The
parcel can then descend leadingah increase in pressure and a subsequent increase in

temperature. This cycle can then continue.
Differentiation of the equation of statequation 1.1Q gives
n Qwwan e QY
(1.15)

leading to

MO @ Q'Y
(1.16)

since for a perfect gaso ® Y& where® is the specific heat capacity at
constant pressure. Substituting fipiQ fboom Equation 1.16into Equation 1.14it can

be seen that
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OQY QR QR T
(1.17)

and on substitution d® rfrom Equation 1.4 into Equation 1.17it can be determined
that

QY o
Qa o

(1.18)
which when calculatedy is found to be approximatefy 1#7E |.

The actual lapse rate of the atmosphere is not entirely adiabatic as factors such as
incoming solar radiation will result in cases wh&&Q o0 1. Therefore, if the lapse

rate of the atmosphere is calculated to be less¢hand a parcel of air isisplaced
upwards in altitude from a point A to a point B, the parcel will be colder than the
surrounding atmosphere on arrival at point B and will sink demonstrating a stable

condition.

If the lapse rate of the atmosphere is greater than the adialpstecriste the parcel of
air will have a higher temperature than the surrounding atmosphere on arrival at point B
and will therefore continue to rise, demonstrating an unstable condition within the

atmosphere.

Under such conditions where the lapse ratefatmosphere is perfectly adiabatic, and
if the background atmosphere is considered to be at rest, the parcel of air will oscillate

vertically at what is known as the Bruyifiisala frequency.
1.8.6 The Equations of Motion

When applying the laws of mon to a fluid such as the atmosphere, it is important to
remember that the fluid will in general move with respect to a chosen rotating frame of
reference. It is therefore at times necessary to relate the total derivative with respect to
time of a quanty, which follows the fluid, to a partial, or local, derivative of the
quantity appropriate to a fixed point within the frame of reference.

44



Chapter 1:General IntroductionBackground Theorgnd Literature Review

When applied to a fluid with a density given 'bynd where there exists a pressure
gradient given by”, ignoring any fricti onal ter ms, Ne
written as
NP .
— —n
9, ' @
(1.19)

wherer is the velocity of an element within the fluid, ands a unit vector along the
axis of rotation of the coordinate systeffiis known as the Coriolis factor and is given
by 'Q c¢q O Bdwhereq is the angular velocity of the rotating frame, usually the
Earthds rate of%istheagngleefflttuwdeot ati on, and

The first term on the right hand sideEduation 1.19accounts for velocities stemming
from pressure gradient forces generated as a result of heating by incoming solar
radiation. The second term accounts for velocities resulting from the Coriolis force.

When these two forces balance, such Hat 11, the resulting motion of a parcel is

referred to as geostropic motion and the geostropic veldgifgan be calculated from

Gy T Png

(1.20)

3

N+is typically used as an approximation of wind velocities, parallel to isobars, (lines of
constant pressure), around points of high and low pressure within the atmosphere at
altitudes abovep E | where frictional terms are low. fjyis also used as an
approxmation for the velocities of the mesospheric jets which result from the global
pressure gradient associated with the latitudinal variation in solar heating. Geostrophic
balance within the mesosphere forces these jets to flow westward in the summer
hemisplere and eastward in the winter hemisphere. Howealgove altitudes of
approximatelyp Tt | geostropic approximations no longer hold as frictional terms

resulting from factors such as ion drag increase significantly.

Typically Equation 1.20is written n terms of geopotential such that
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ﬂHBQl n B

(1.21)

so that density disappears from the equationEoughtion 1.21can be applied to any

level of the atmosphere without change.

Using the above laws and principles it is possible to calculate the three components of
wind velocity within the atmosphere accounting for the third, fourth and fifth variables
within the atmosphere as proposed by Bjerknes (1904).

1.8.7 The Continuity Equation

The continuity equation describes the conservation of mass within an atmosphere.
Consider a three dimensional box with sitfés YwandYain which air with a density

" travels at velocitie®, 0, and0y along the Cartesian axes. The maserng the box

per unit time atothrough the fac&cYd can be calculated dsw 6 & YoYa while the

mass leaving the box et Yois” @ Yoo o Yo YaVa.

u(x) u(x+Ax)
- Area /’ i

Figure 1.18: Diagrammatic representation of a box with siésYwand¥d in which

air with a density travels througlfAndrews, 200Q)

Subtracting these values it can be shown that

N T T "0 o
WO W W Yoo w Yo Ywda WYQ):MQYQB

(1.22)

Adding all three components together, whens the component of velocitin the

w direction andd , the component of velocity in thie direction, it is then found that
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(1.23)

or

(1.24)

wheren is the wind velocity. Equation 1.24is the continuity equation and allows for
investigations of the local rate of change of density within the atmosphere, the sixth

variable proposed by Bjerknes.

The final variable proposed by Bjerknes, conservation of water mass, can now also be

solved & this is effectively a single constituent component of the continuity equation.
1.9 Chapter 1 Summary

In this chapter the hydroxyl radical and the important role it plays in the chemical and
radiative features of the middle atmosphere have been bin&fbduced. The goal of
this thesisto develop a computational model which can simulatenitjet-time infrared

emissions from vibrationally excited hydroxyl, has also been set.

The basic structure and general theory of the atmosphere havelibeessed with a
more detailed focus on the middle atmosphere and the features that govern the
chemistry, radiation and dynamics of the region.

A brief description on the history of atmospheric modelling was presented and one
particular type and atmospheri model , t he GCM, was introd
considered for this thesis namely WACCM, HAMMONIA and CMAT2 and the reasons
behind the <choice of CMAT2 were expl ai
atmospheric equations are solved in order to investighracteristics within our
atmosphere. The chapter concludes with an introduction to these equations and related

topics.
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Chapter2

The Coupled Middle Atmosphere and
Thermosphere Model (CMAT?2)

2.1 Introduction

In Chapter 1 the background theory of the atmosphere was presented. A brief
introduction to the different types of atmospheric modelssetil by scientists today,

and the fundaental equations which they attptrio solve, was also given.

Within this chapter, one goticular GCM, the Coupled Middle Atmosphere and
Thermosphere (CMATZ2) model will be discussed. This discussion will include a brief
history of the CMAT2 model and its development over the past number of years before

a detailed description of the modekilfsis presented. Within this description:

1) the basic assumptions of the model will be discussed,

2) the fundamental equations (described previouslyCimapter 1) will be
presented and modified to appear in their appropriate forms,

3) details of the model gridill be described,

4) the numerical methods used to solve these equations will be presented,

5) the boundary and initial conditions will be discussed.

This will be followed by an exhaustive, but necessary, description of the model
parameters, as well as theeahical, energetic and dynamical routines. A quick review
of these topics will be presented in the summary before a discussion/of tiadical

itself is presented i€hapter 3.
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2.2 CMAT2 Model History and Development

The University College London (CL) thermospheric model, first developed by Fuller

Rowell and Rees (1980) was one of the firdD 3ime dependant general circulation
models (GCMs).The model code was written using the FORTRAN computer language

and waglesigned to determine neutral wiratsd temperatures at altitudes abgvee |

within the thermosphere. Since its inception numerous updates have been made to the
original code advancing this model 6s cap:

The first update to the model was incorporated by FRiawvell and Rees (1983)
allowing for the calculation of atmospheric densities assuming only two major
constituent species and/ . This was subsequently increased to the three major
atmospheric smges. ,/ , and/ in Fulle-Rowell (1984). Later, this model was
coupled with the highatitude self consistent ionospheric model of Quegfaal. (1982)

as detailed in FulleRowell and Evans (1987). This update led to the model being
named the Coupletihermosphere and lonosphere Model (CTIM).

Lower boundary tidal forcing was first incorporated into CTIM by Parish (1989)
however self consistent tidal forcing was not achieved until MéWéodarg (1997).
Incorporation of the midand lowlatitude iorospheric and plasmaspheric model of
Millward et al. (1996) resulted in the model being renamed the Coupled Thermosphere

lonosphere Plasmasphere (CTIP) model.

A major overhaul of the CTIM and CTIP model codes was completed by Harris (2001)
resulting in tlke development of the first Coupled Middle Atmosphere and
Thermosphere (CMAT) model. CMAT was developed primarily using a version of the
CTIM code in which the ionospheric model of Quegaial (1982) and tidal forcing of
Muller-Wodarg (1997) had alreadgeen incorporated. Within CMAThowever
numerous alterations were made to the compositional, dynamical and energetic routines
of CTIM in order to incorporate the mesosphere. The vertical resolution was also
increased while the lower boundary of the madas extended downwards frare |

too 1E I.

A significant advance in the nitric oxide / chemistry within the model was
i ncorporated by Dobbin (2005) whil e Yi7Ji
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routines allowing for investigations of the effemf gravity wave dissipation in the
upper atmosphere. Streamlining of the existing CMAT model code as well as the
incorporation of these newest features resulted in the CMAT2 updated model which is
utilised within this project.Depending on the compliy of the input parameters, such
as the gravity wave scheme employed, or whether minor chemistry within the model is

activated or not, a standard 1 week model run time can take betvéceouts.
2.3 CMAT2 Model Assumptions

In order to solve the equatis necessary to describe the different features within the
atmosphere, such as compositional changes, energetics and dynamics, CMAT2 is forced

to make a number of assumptions. These assumptions are:

a) The atmosphere is in a state of local thermodynaegiglibrium. Given that
over the height range of the model, collisional excitation andxddéation of
atmospheric constituents typically dominates over radiative transitions this is
acceptable.

b) The atmosphere is in a state of hydrostatic equilibriunthieeforce of gravity at
any point within the model grid is exactly balanced by the vertical pressure
gradient at that point.

c) The atmosphere is assumed to be an ideal gas and acceleration due to gravity is

assumed to be constant.

Hydrostatic equilibriumand the ideal gas law have already been discussgddiions
1.8.1and1.8.3and further details are provided $ections 2.7.1and2.7.4 Therefore
only Local Thermodynamic Equilibrium remains to be discussed in this section.

2.3.1 Local Thermodynamic Equilibrium

Within the lower atmosphere it is often useful to assume a state of local thermodynamic
equilibrium (LTE). For a gas at an equilibrium temperatirestatistical mechanics
shows that the number of molecutesand¢ , with energy state® andO, and with

degeneracie®f) and™Q, will satisfy a Boltzmann distribution.

If the interaction between radiation and matter within the gas is sufficiently weak this
Boltzmann distribution of particles and energy states will be maintainedgtirou
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collisions between the gas particles, provided that the pressure within the gas is
sufficiently high. This occurs when the meéme between colli®ns of the gas
molecules is shorter than the radiatlifetime of the excited states. Excitation ard d
excitation of the gas molecules therefore occurs through collisions with other molecules

rather than through radiative alpgtbon or emission.

On the whole, the atmosphere does not have a uniform temperature and therefore is not
strictly in thermodyname equilibrium. However, at sufficiently high pressures,
collisions between atmospheric constituents are rapid enough that within portions of the

atmosphere at the same local temperature, LTE can be assumed.

If the net energy gain, or loss, through edidie processes of the rates of radiative
absorpion or emission are comparable to the rates aitation and deexcitation
through collisions then the assumption no rglds andhe atmospheresi said to be

in a state of nofocal thermodynamic edglibrium (nonLTE).
2.4 The Fundamental Equations

As previously described i@hapter 1, the fundamental equations the CMAT2 model is

required to solve are based on three fundamental principles of physics, namely:

a) conservation of mass,
b) conservatonomoment um (gi vehawpy Newtonods 2

c) conservation of energy (given by the first law of thermodynamics).

In the following sections the equations used to solve these problems are presented in
their general form and the contributing atmospheric componestsdantified and
explained.

24.1 The Continuity Equation (Conservation of Mass)

The equation of continuity is gindy

n g’ﬁ T_
(2.1)

as previously discussed $ection 1.8.7
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2.4.2 The Momentum Equation

Wh e n Ne wf oawodis apdlied to a neutral atmosphere the equation for
conservation of momentum takes the following form

ﬂ cq W "qrgnﬁ Pion 0 oo Y

Qo

(2.2

whereqi s the Earthos adnig thé 2 dimensiortalaneutral windv e c t
velocity vector,"Qis acceleration due to gravity, the mass density is denotéd by
pressure i®, ‘ is the summed total of the molecular and turbulent coefficients of
viscosity,0 is the neutralon collision fequency andY is the 3 dimensional ion
velocity vector (Rishbeth and Garriott, 1969).

The above terms represent the factors contributing to the conservation of momentum
ard are, from left to right, the @iolis term, gravitational acceleration, theegsure
gradient term, horizontal and vertical viscosity, and ion drag. Details of each of these

componats are presented Bections 2.4.2.102.4.2.5.

Equation 2.2 is clearly representative of 3 dimensional factors. Howesiace the
vertical compoents of acceleration are much smaller than the horizontal comppnents
the vertical components can be ignored allowing’yY andn to be replaced by 2
dimensional horizontal counterpacbs’Yandn. The momentum equation used within
the model is therefore assumed to be ghasizontal consistent with the assumption of

quasthydrostatic equilibrium.

It should be noted that the left hand sideegliation 2.2 is presented as a Lagrangian
derivativeand must be converted from Lagrangian to Eulerian coordinates. This can be

accomplished by applying the transformation detaileSdation 2.5.
24.2.1 The Coriolis Term

A Coriolis force exists wherever an object is in motion with respect to a rotating
reference frame. This force acts perpendicularly to the direction in which the object is
in motion and the rotational axis of the reference frame. While this force does no work,

it does act to change the direction of motion of a moving object. Anytaii@ang
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within the Northern hemispheref the planet will be pushed in a clockwise direction
while in theSouthern hemispheiewill be pushed in an anticlockwise direction. This

force is described by the first term on the right hand side of the momefuation.
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Figure 2.1 Diagranmatic representation of the Coriolis effect on a parcel of air
travelling from the equatqNOAA, 2008)

The horizontal component of the Coriolis force, associated with a horizontal vetqcity
can be calulated from@ Qwhere’Q ¢q O B4 Qis the unit vector along the
Eart hds r ot &dsihe latéutle.qa is thestotal anguthr rotation rate and is
the sum of two components, the first of whicldige to the angular rotational rate of the
Earth. he second component contributing to
results from the atmosphere being constrained to move on a spherical surface. For an
eastward wind with a velocity at a latitudeethe total angular rotation rate is
W
4 VK B
(2.3

where'Yis the radius of the Ear{ibobbin, 2005).
2.4.2.2 Acceleration Due to Gravity

The second term of the momentum equation refers to the force of gravity exerted by the
Earth on a parcel of aiDue to the fact that the atmosphere &y thin layer of gasn

which the variation ifiQis small his term is taken to be a constant by the model
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value of 9.5/ 7O is adopted which corresponds to the valuéQatt analtitude of

approximately 130 km.
2.4.2.3 The Pressure Gradient Term

Pressure gradients exist throughout the atmosphere and can be the result of a number of
different processes such as heating by solar radiation. Neutral winds in the atmosphere
are a direct result of pressure gradients. Wherever a pressure gradienaexiste

will act on the local atmosphere causing it to move ddwvenpressure gradient. This is

capturedn the third term of the momentum equation.
24.2.4 The Viscosity Term

Viscosity refers to the at mosdtpdtempts fos i n
reduce existing velocity gradients in the wind field. It is represented by the fourth term

in the momentum equation. The vertical component of this term is the dominant of the
two as the vertical wind shears in the atmosphere tend to be muehpowerful than

the horizontal (FulleRowell, 1981). Similar to turbulent and molecular diffusion in

the atmosphere, turbulent viscosity is dominant over molecular viscosity below the

turbopause while molecular viscosity is dominant above.
24.2.5 The lon Drag Term

The final term on the right hand side of the momentum equation represents the
momentum generated through interactions between the neutral atmosphere and the
ionosphere. Collisions between ions and the neutral atmospheric constituenévean
either an enhancing or dampening effect on the momentum due to the different
processes governing the behaviour of both ions and neutral particles in the upper
atmosphere.

At high-latitudes the ion drift velocity is greater than the neutral wincbegy as the
electric field drives ions to high velocities (Rishbeth, 1972). Where this is the case the
ions will have an enhancing effect on the neutral wind velocity and as such the ion drag
term becomes a source of momentum within the atmospherewat latitudes where
ions are not driven to high velocities, the ion drag term becomes a momentum sink

acting to reduce the velocity of the neutral winds through collisions.
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The single species momentum equation for charged particles is given by Rishbeth
(1972) as

(2.4

where™Y andw are the ion and neutral constituent velocitiesand0 are the ion and
electron partial pressures,is the ion number density (assumed to be equal to the
electron number densityQdis the charge on an electran, is the mass of the ioi@is

the electric field vectord is the magnetic field vector and is the ionneutral
collision frequeng. Note that in this equation the Coriolis term given in the original
momentum equation as ¢q Y is neglected. This is due to the fact thatis

large and therefore the Coriolis term becomes negligible.

Assuming steady state conditions the bonital components of the above equation for

ions and electrons can be written as

B O Y 6 "L Y o T
(2.9

B 0O Y 6 "0V Y o W
(2.6)

where” and” are theion and electron mass densiti®s, is the electromeutal

collision frequency andy is the electron velocity.

Assuming the total number of electrons is equal to the total number of ior@ te.

& Qand adding these two equations together

DY 6 DY 6 "L Y © "0 Y o m™
(2.7)

0 Y @ "0 Y o 18
2.9

Rearranging
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bY o L we —v Y @8
(2.9
Taking Newtonds Third Law, which states |
"0 "0
(2.10
it can be shown that
. Pr . L e :
b Y — 6 —0v Y ws
(2.1)

Considering that L ” the final term on the right hand side of this equation can be
ignored thus removing the ion drag terms depecelem the ion velocity. The

expression

b w Y — o6
(2.12
can therefore be used to calculate the ion drag.
Thecurrentdensith n t he above equation is calcul a
o ,20 o 6
(2.13

where,, is the conductivity tensoiQis a convectio field applied externally or an
internal polarisation electric field amd 0 is the dynamo electric field. The values for
‘Oand6 are known quantities and are specified in the climatological datasesneont
within the model. The only unknown value in this equation is the value of the
conductivity tensoy, which is a function of the magnetic dip ang@and the parallel

. , Pedersen, , and Hali,, , conductivities.

Pederse conductivity réers to the component that is in the same direction as the

applied electric field. Hall conductivity on the other hand refers to the component
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perpendicular to the applil electric field. Both the Pedemsand Hall conductivity
components are also perpular to the magnetic field. The conductivity component
lying along the magnetic field as a result of a parallel electric field is then called the
parallel, or longitudinal, component of conductivity. Each component has its peak in a
separate region othe atmosphere. The Hall component has the lowest peak a
approximately 100 km. Pederseconductivity peaks at a higher altitude of
approximately 130 km in the-Egion of the atmosphere. Above 400 km the parallel

component of conductivity is dominant.

Using the discussion of Rishbeth and Garriott (1969) this 3x3 conductivity tensor is
simplified into a 2x2 tensor through the assumption of layer conductivity. Thus if a
layer is limited in vertical extent then any vertical currents which are prodyc#teb
dynamo will lead to a build up of charge at the layer boundary. These charges then

modify thew 0 field until the resultant flow is horizontal.

Considering only horizontal layer conductivity

(2.19
where

" , Al ©® , OED OED
(2.15

” ” OE@ ”

” ” LAl ©® , OED OED
(2.16
”n n OEﬁb ” ” AI @

" Al ©® , OED ”

(2.17)

The values for the Pedenseand Hall conductivities are calculated in the model using
the expressions of Rishbeth and Garriott (1969)
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0 Qi
o0p i

”

(2.19

(2.19

wherethe ratio of collision to gyro frequencies is denoted laynd determined from
i &0 j Q6. U is again the electron and ion densities which assumed to be
equal,Qis the charge on an electron andis the mean ion massa is the ionneutral
collision parameter of Schunk and Walker (1973) for molecular iohsu@ NG and
of Salah(1993)for O".

0 &T p1U . & Ypm / ¢c8 t pm /
(2.20
0 pWc pm . @ePepm / 08¢
pt [/ WYpStY mpolwl CY 1@ p pm 11 CY 8
(2.2)

The values for the electric fiel@, and the magnetic field,, are specified in empirical
datasets within the climatological section of the model and are based on the statisitical
model of Fosteret al. (1986) and the International Geomagnetic Magnetic Field
described in Langel (1992) respectiveMore details othese models are presented in
Sections 2.11.2nd2.11.4

2.4.3 The Energy Equation

The first law of thermodynamics is analogous to the principle of conservation of energy
and states that the energy change of a system is equal to the sum total ofggll ener
exchange processes acting across its boundaries. Looking at the atmosphere as a
compressible fluid this process can be described¥dy 0 @ Equation 1.13in

Chapter 1. This equation calculates the rate at which the specific internal energy
densityof the fluid changes over time. When calculating the temperature distribution in
the atmosphere an expression is needed that includes all possible sources and sinks of
energy. Transport in both the horizontal and vertical directions must be considered a

well as any energy transformations to and from the internal, potential and kinetic
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components. In order to calculate this, an expression for the conservation of total

energy density per unit mass is required.

By taking the momentum equatiorEquation 2.2) and multiplying it by an
expression for the kinetic energy per unit mass can be obtained as
. pw
Wi -
Qo ¢ Qo
(2.22
The total rate of change of energy within the fluid can be obtained by summing the
internal, kinetic and potential energies. The expression for the geopotential component
is given by @8  "QQ ¢Equation 1.9in Chapter 1. More details in relation to the
energy equation will be presented Section 2.7.7after it has been transformed into

spherical ceordinates.
2.5 The Lagrangian Derivative

The horizontal coordinates used by the CMAT2 model are fixed above the surface of
the Earth. Theseoordinatesan be viewed as fixed points in the atmosphere through
which the numerous atmospheric constituents flow. This coordinate system is in

Eulerian space.

Looking back aEquation 2.2 (the momentum equation), the term on the left hand side
is the Lagrangiaror inertial derivative. This relates to the rate of change in the velocity
of an atmospheric parcel moving with the atmosphere and along a particular path or
trajectory. In order to be applied within the model this equation must be converted from
its Lagrangian to its Eulerian form. The following transformation can be applied in

order to accomplish this for any varialdle

(@}

!

w3 0

Qo 0

—a

(2.23

wherew is the 3D velocity vector and is the 3D del operator. The left hand term
of this transformation relates to the rate of change of the varablea given point
which is moving with the atmosphere. The first term on the right hand side of the

transformation is the Eulerian derivwadi and represents the rate of change of the
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variableA at a fixed point in space which is momentarily occupied by a parcel in the
atmosphere. The second term on the right hand side of the transformation is the non
linear advective term wherg is the 3dimensional neutral wind velocity vector and

is the three dimensional del operator. In this context, advection refers to the carrying of
properties within the parcel through the atmosphere. This term accounts for the fact that
the fixed point within he atmosphere is occupied by successive parts of the ,parcel

taking its motion through the atmosphere into consideration.
2.6 The Co-ordinate System

The equations presented thus far have been in Cartes@udioates where th@axis is
positive in anorthwardsdirection, thewraxis points in an easterly direction and dhe

axis points vertically upwards from the lower boundary. Howeher CMAT2 model

uses a spherical emdinate system where the vertical -@awlinate & has ben
transformed into a pressure-oadinated. This simplifies the mathematics involved in
calculating the fundamental equations assuming that the atmosphere is in hydrostatic
equilibrium and that acceleration due to gravity remains consiaaependentof
position or altitude. The fundamental equations are also transfdrorad_agrangian

to Eulerian coddinates as described 8ection 2.5vhere necessary.

The transformation betwee@ and0 co-ordinate systems in th@direction for any

scaler‘Ypresented below is adopted from Dobbin (2005) and Harris (2001) and states

rY 1Y 1 a T"\g3
T To Tola
(2.29
FromEquation 1.9for geopotential it can be seen that
o a
Lo o1l 4
T w Q! w
(2.25)
SubstitutingEquation 2.25 and the hydrostatiequilibrium equationQ ' Qa " "Q

into the above transformatiokdquation 2.24)
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rY vy 1o T Y8
Tw T w ' o 10
(2.29
Note that — and — have switched sides and as suchzfi®m the hydrostatic
equation disappearg\pplying the same procedure in ttando directions
TY Yy ta 1Y
To T o '@ 10
(2.27)
rTY vty to ot \%
ro 1o o 10
(2.28

The transformation is also applied to the horizontal del operator i6 ab@rdinate

system suchhat

“ o Ty
nwy ny "ng —
T 0
(2.29
wheren is the horizontal del operator in theco-ordinate system.
For any two dimensional vectok
of
nof n ol ”nuT—78
T o
(2.30
In the vertical direction, using the hydrostatic equilibrium equation,
PYrwo 1y
Tatrd a T o
(2.3)
andin the horizontal direction
rof 1ol 0 1ol
G T 0 a T o
(2.32
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2.7 Transformed Equations

In Section 2.4 details of how CMAT2 solves the basic physical principles of
conservation of mass, momentum and energy were dedcridowever, the equations
involved were expressed in terms of Cartesian coordinates while, as det&kection

2.6,CMAT2 uses a spheral coordinate system.

The following section presents the seven fundamental equations, describealpiter

1, expressed in their final forms after transformations from Lagrangian to Eulendn,
Cartesian to spherical calbnates have been applied. Thel derivations of these

equations will not be presented but are provided by FRitevell and Rees (1980) and
Fuller-Rowell (1981).

2.7.1 The Hydrostatic Equation

Substitutingd for "Yin Equation 2.32the vertical transform becomes

a

0

_.
|©

—a

2.33)

and the hydrostatic equation is now described using the alternative pressure co

ordinates.
2.7.2 The Pressure Gradient

The horizontal pressure gradiemtd, can also be expressed in pressur@rdinates
using the same transformation. Taking inbmsideration that 0  Ttit can be shown
that

(2.39
2.7.3 Vertical Velocity

Using thed coorinate system the vertical velocity is defined as
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Q0

0 =,
Qo

(2.39

while the horizontal velocity is expressed in the same way as in the ongaual
ordinate system. Here is the vertical velocity relative to the isobaric surface and is
positive in the downwards directionPositive values ob therefore represent fallig
parcels of air whilenegative values af represent rising motion relag to a surface of

constant presire.

The vertical velocity in thé co-ordinate systemyp, can be determined by applying the
Eulerian expression of the total derivativeo the expression for geopotential in the

co-ordinate system.

The Eulerian expansion

E L wn 0 T
Qo 1o )
(2.39
when applied to the geopotential gives
Q Ta cn o 1 DB
Qo To Y Ui
(2.3

Using the geopotentidquation 1.9 and the hydrostatic equilibriufEquation 2.33,

Equation 2.37 can be rewritten as

Q. an TG ong ©
Qo0 Qo 0 ”
(2.38
and thereforev, given byw  'Q @'Q ois given by
. Qa pTu p, _ 0
- - —mn N
© Qo QT 0o Tontiin “Q”8
(2.39

The above equation forms an expression for the vertical velocity i db@rdinate

system and can be separated into two different components. The first component
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consists of the sum of the first two terms on the right hand side of the equation and
gives the barometric vertical velogiiye., the vertical motion of an isobaric surface due

to expansion and contraction in theoordinate system. The final term on the right
hand side of the equation is called the divergence vertical velocity andcsnip@nent

of the vertical velocity attributdd to convergences and divergescin horizontal

velocity relative to an isobaric layer.

2.7.4 The Perfect Gas Law
. YY
0 — ”'QO0
)
(2.40
where'Yis the gas constant.
2.7.5 The Continuity Equation
T 0
— N w 718
T v
(2.4)
2.7.6 The Momentum Equation

Using the pressure coordinate system described earlier the equation of momentum can

be rewritten as

ro n ! n Qg © Al-&0
o W@ Vg Y Reggg e @
L 0t : ,
L ¢ 2T _n
> oo —n @ ol 6

(2.42

where0 is the vertical velocity) is the pressurey is the rotation rate of the Earth, the
radius of the Earth iSY, * and®' are the molecular and turbulent viscosity

coefficients, Ois the scale heighblis the current ensity andb is the magnetic field.

The first two terms on the right hand side represent horizontal and vertical advection,

geopotential is accounted for by the third term, the fourth represents the Coriolis
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contribution, the fifth and sixth terms repeat vertical and horizontal viscous drag and

the last term in the equation is the ion drag term.

When converted into spherical coordinates and divided into its meridional and zonal

components this equation becomes

w qaQ W S R1.O
5 YT — YOER % "To v — %% yogz©?
01

N ‘
Sl T

Pog PITO p TT0D
" YT =2 — YOEHR % %o "

T ol o o T o | f

C

ol 6

(2.43

wherew andw are the velocity components in the southward and eastward directions.
—is the colatitude, %ois the longitude, and other symbols retain their previous
meanings. The derivation of these equations can be found in-RaNeell and Rees
(1980); FullerRowell (1981); and MulleiWodarget al. (2001).

2.7.7 The Energy Equation

In CMAT?2 the energy equation appears as

[@l)]
c

(2.4

On the left hand side of this equation the rate of change of internal emighgy a gas,
the kinetic energy density and the potential energy per unit mass have been combined
and converted into the pressure coordinate system. Theefinston the left hand side

of the equation invokethe specific enthalpy plus the kinetic energy per unit mass given
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byn P c @ 0 "Y The second and third terms account for horizontal and vertical

advection.

The right hand side of tHequation 2.44lists the individual components contributing to
the total energy namely solar heating, infrared cooling, vertical molecular and turbulent
conduction, horizontal molecular and turbulent conduction, vertical turbulent heat
conduction as a result of the adiabdapse rate, ion drag, Joule heating and vertical
viscous drag. The values for the coefficients of molecular and turbulent conductivity

are0 andv respectively.
2.8 The CMAT2 Model Grid

The CMAT2 model uses a grid system divided into pointglwiare separated by 18°
longitude, 2° latitude and has a total of 63 pressure levels on the vertical axis covering a
height range from 15 km to between 250 and 600 km depending on the level of solar
activity. The vertical resolution of the model is 1£ale height. Howevejust below

the upper boundary, at the last three grid points between levels 61 and 63, the model
grid changes to a vertical resolution of one scale height. The simple explanation for this
change in vertical resolution is to maintamimerical stability within the model.

Greater detail will be provided fBection 210.

Figure 2.2 Diagrammatic representation of a2 model grid.
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Each point on the model grid is fixed relative to the surface of the Earth. The pressure

at eacHevel point can be obtained from

(2.4

where'Ois the scale height, the height over which the pressure, givén dgcreases
by a factor ofQ The value o¥ is 1/3 for pressure levels 1 to 61 and 1 for levels 61 to

63. ¢ is the pressure level coordinate and takes a value between 1 and 63 inclusive.
2.9 Numerical Integration Method

In order to generate numerical solutions to the non linear terms of the continuity, energy
and momentum equations described Ghapter 1, a finite difference integration

scheme is used at each grid point.

For any function given by

O Ow
(2.49
wherew represents a grid point such that
0 N
(2.47)

the two point centre differenced approximation of the first order horatoand first

order vertical spatialerivatves are required. This is given by

(2.49

whereYi s the griddéds step |l ength.

The second derivative is therpeessed as
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Q0 0 O O
Qo y

(2.49

where the subscripf® p, Q p, andCare all points on the model grid and are

equidistanty .

The value of each model parameter is determined using its previous value at the time
0 p and thenntegrating the above differential expressions over the length of the time
step in an iterative process which is repeated at all model grid points. In this way the
value of the parameter can be calculated for any dia®elong as an initial value,, is

known.

The energy and momentum equations which are expressed in the form

IR

o 0@

(2.50

can be integrated by applying a finite approximation with respect to time Wlgtbe
spatial differential operator and contains the first and second order derivatives. The
higher order derivatives are ignored. Integrating over aYiathen gives a solution
'O O oy
(2.5)
This approximation is stable for differéial equations that contain"order spatial

derivatives and is known as the Euler method. It is not stable, however, for expressions

of the form

(2.52

containing only 1 order spatial derivatives. Since certain terms, such as advective
terms, within the model contain first order derivatives a numerical diffusion term is
added to the Euler method in order to increase the m@ttsdability. This modified

version of the Hler method is then stable for equations with both first and second order

spatial derivatives and is expressed as
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"O O 00 gifbd):n n Jp "08
(2.53

This is the numerical scheme used by thedel and is referred to as an explicit
Forward Time Ceined Space (FTCS) scheme more details of which can be found in
Harris (2001) and Harrist al. (2002).

2.10 Numerical Instabilities

As discussed irsection 2.9 the modified Euler method used by the model resnlts
stable solutions to differenti@quations containing second order spatial derivatives as
well as equations with components containing first order spatial derivatives. An

example would be a diffusion type equation of the form

T O UT O -
T o T w
(2.54
with an integration time steyd ¥ cy» Where is a diffusion coefficient anl is

the grid step length in thiedirection.

In the upper regions of the atmosphere, namely the upper thermosphere, vertical
transport is dominated by molecular diffusion. In order to maintain nurhetadaility

within the model a time step of less than 10 s would typically be required. This
however, would be computationally very expensive if applied to the entire vertical
range and would drastically increase the model run time and processingmeug ¢o

the point of making the model impractical. An alternative solution to this problem is to
reduce the vertical resolution of the model within this region. As a result, the
integration time step of 60 s used by the model can be safely maintaiflednelel

run times are unaffected. It is for this reason that the vertical resolution of the model is
reduced to one scale height at the topmost two pressure levels approaching the upper

boundary.
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2.11 Model Parameters

2.11.1 Coefficients of ThermalConductivity

The coefficient of thermal conductivity, denotediby, is obtained from the empirical
expression of Rees (1989) given as
0 VY 7TEC+ |
(2.5H
where the) andi parameters are known quantities for each of the major constituents.

To find an overall value a§ a number density weighted mean dué té , and. is

calculated.

In order to obtain the coefficient of turbulent conductivity, denoted0by the

relationship

(2.5

is used where) is the specific heat capacity@instant pressurg,is the mass density,

andOis the turbulent diffusion coefficient.
2.11.2 Coefficients of Viscosity

The expression of Dalgarno and Smith (1962) is used to determine the value of the

coefficient of molecular viscosity. This expression is given as

"y 8

® pm p_T[T[T[ EC O 8

(2.57)

Using the coefficient of turbulent conductivity the coefficientuwrbtilent viscosity can

be determined such that

(2.58
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where® is the specific heat capacity at constant pressure. The factor of 2 given in the
expression is the ratio of kinematic viscosity to thermal diffusivity within thdehand

is referred to as the Prandtl number.
2.11.3 Magnetic Field

The Earthés magnetic field is detagnetimi ned
Field (IGMF) of Langel (1992) which is an empirical representation of the magnetic
field based on wadwide magnetometer readings. This representation of the field also

includes the offset dipole nature of the geomagnetic field.
2114 Electric Field and Particle Precipitation Models

A number of important high energy inputs exist within the thermogphegion of the
atmosphere. A horizontal convective field, for example, is generated as a result of solar
wind plasma blowing across the Earthés m
the magnetic field lines of the planet and down into high-latitude ionosphere
resulting in currents that generate Joule heating. Particles with high energy
precipitating into the auroral zondsliver additional energy to the thermosphere while

also influencing its composition.

The statistical model of Fastet al. (1986), which uses measurements of plasma
motion in the F region of the atmosphere recorded by the Millstbih@ncoherent
scatter radar, forms the basis for the Hafitude electric field model used within
CMAT2. Codresciet al. (2000) showed that Joule heating within the thermosphere is
generated as a result of both the mean electric field and the observed small scale
variability in the electric field with each factor contributing equally to overall heat
generated. This is acaeoted for in the model by taking a random value from a
Gaussian distribution with a standard deviation of GD1 and adding it to the

existing mean fieldoandwcomponents if they exceed 0.06i. 8

This model is used in conjunction with a precipgatmodel based on TIROS/NOAA
satellite auroral particle measurements (FtRewell and Evans, 1987). Statistical
maps of the energy influx are generated by integrating the total energy flux carried

towards the atmosphere by electrons and positive ieasan energy range of 300 eV
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to 1000 eV. A specific auroral activity level (the TIROS level), which is related to the
geomagnetic activity index, shown irable 2.1below, is provided to CMAT2. The
electric field patterns, as well as the auroral enengyt to the model and the ion
production rates for the major species due to particle precipitation are determined from

the level of activity specified.

Averagelt_ [1 [1° |1 |2 [2¢ [3 |3 |4 |5 |6

Tiros Level 1 2 3 4 5 6 7 8 9 10

Table 2.1:Tiros Prediction 0 index relationship (Dobbin, 2005).

Medium energy particles within the range of 30 keV to 2.5 MeV haveba&lsn shown

to have a significant effect on the electron density and atmospheric composition in the
polar mesosphere (Codreset al., 1997) and this energy range ascounted for in
CMAT2 using the precipitation patterns developed by Codresal (1997).

2.11.5 High-latitude lonospheric Model

Electron densities, electron and ion temperatures, field aligned velocitieshand
distribution of ion species under the assumption of photochemical equilibrium are
calculated by théigh-latitude ionosphere model in CMAT2 and is described in detail
by Quegaret al.(1982) and FulleRowell and Evans (1987).

2.12 Chemistry and Compostion

Within CMAT2 a full thermospheric and mesospheric chemical scheme is adopted
which is based on the mesospheric oxygen and hydrogen scheme oét/dle(1984),

the# /and# / chemistry described in Solome al. (1985), and the mesospheridd
nitrogen reaction of Garcia and Solomon (1983) which is outlined in Frberwll
(1993). PL-97 reaction rate coefficientof DeMoreet al. (1997) are applied to the
reactions. Within the Begion of the ionosphere atmdsgic species are calculatby
assuming photochendt equilibrium and using the incorporated Sheffield University
CoupledHigh-latitude lonosphere Model described in Quegdral. (1982) and Fuller
Rowell et al.(1996).
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The chemical species for which CMAT2 solves are present@&dbie 2.2while Table
2.3 presents the chemical families. Chemical families will be discussed in further detalil

in Section 2.12.1

Major Constituents Minor Constitu ents
$
/ 3
/ #/
Minor Constituents #/
/ ( A
( #(
!/ ( I $
(/ C/
/ /
o
(/ /
( /

Table 2.2: Chemical constituents solved for by CMAT2.

Chemical Families

/ I

|

¢/ 1 C/

Table 2.3:Chemical families within CMAT2.

Within the atmosphere the concentration of the majority of taésespheric species

can be determined by balancing the photochemical productiofoasderms andhe

rate of atmospheric transport. Determining the relative importance of the chemical and
dynamical processes can be achieved by evaluating time corstaintse associated

with each of these processes.

The chemical reaction rate is a quantity that describes the rate at which an atmospheric
constituent is either produced or consumed via a chemical reaction. Consider the

reaction
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1o0# $7Q
(2.59

where ! h# and $ are atmospheric constituents déxis the reaction rate at which

I isconsumed andt and $ are produced.

The reaction rate is given by

Q! Q# (O] O
Q0o Q0o Qo '
(2.60
and can be expressed in unit<of for a one body reaction.
Rearranging this equatiphowever yields
Q! .
- QQo
(2.6
which upon integration gives
| o)
(2.62
where ! s the concentration df at timeo 1L

p7Q is then the chemical lifetime of the species anddfined as the time required for

the concentration df to decrease tpFQof its initial value.

In order to determine the lifetime and the rate of change of a species in the atmosphere
all possible production and lossechanisms must be consideré&tbnsider the

following list of reactions

I "00i £Q0MOI

(2.63
I # -001 £€Q0oDoi

(2.69
$ %O ! 01 £€QOBSBI

(2.65
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Firstly it should be noted that the reaction rate const@rasd™Q are in units of 7O

for two body reactions while for a three body reaction the units af® .
The rate of change of can be expressed as

Q! s s s
— Q" Q! # - Q% %
Qo

(2.66

(2.67)

where0 represents the sum of the loss processesDampresents the sum ohd
production processes. For a one body reaction this can be integrated fronmba time

to 0and an expression for at timeois

(2.69

The chemical lifetime can be found by substituting ! 7Qinto the above equation
such tat

(2.69

If the densities of specigd#ib and%are not changing over the time scale considered
and the lifetime is short compared to transport timescales !thiensaid to be in

photochemical equilibrium. In such a situation

Q!
o "
(2.70)
and the production is equal to the lo3$ie concentration df is then
0
! =8
0
(2.7)
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The time constants for dynamical effects on atmospheric constituents can be determined
assuming that the number dengityof a constitent"Qdecreases ba factor ofQover

its scale heighO (assuming thaD is not variable with height). Thus

¢ ¢t Ao BO—
(2.72
whered is the altitude and s the initial density ofat a reference altitude.
The vertical gradient of the speciesn be expressed as
0> P, ol P,
oy o "?%  ©t°
2.73

In a case where changes in the density of a species are due only to vertica) winds
(where the positive wind direction points downwards) then
(93 Qe 0

Q0 Q4 ot 8

(2.74

Integrating from a tim@& T1to Ogivesan expression for the density of a spedias
time O written as
, , U
Er tRAOD =0

o)
(2.75)

whereg j is the density oftat timed 1t

Thus the density of a species will p£Qof its origind value in time’O¥0 which

defines the time constant for transport by vertical winds.

In a similar fashion, time constants for transport by meridional and zonal winds can be
derived by replacing the scale height, with the scale length. Gradisnvf chemical
species are less known in the horizontal directions making the assessment of the

horizontal time constants more difficult to determine. Any incorrect assumptions about
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the gradient of a species can lead to errors in the calculation of tiaentbal time

constants and thus the implied importance of dynamical processes.

For chemically active species the vertical time constant is of the order of days in the
upper mesosphere and months in the stratosphere. Similar timescales are estimated for
transport by meridional winds. The time constant for transport by zonal winds is of the

order of days throughout the middle atmosphere (Brasseur and Solomon, 1986).

A final source of vertical transport to be considered is referred to as eddy or turbulen
diffusion and describes the transport of mass by small scale eddies. Eddies are defined
as fluctuations about the zonal mean. The time constant for transport by vertical eddy
diffusion is given by'O Y0 wherev is the vertical eddy diffusion cdafient

(Brasseur and Solomon, 1986).

Comparison of the chemical and transport timescales can help determine which
processes determine the constituent concentration at a particular point in the
atmosphere. Considering a case where the transport timescal species is much
larger than the chemical timescale then the concentration of the species will be
determined by chemistry and transport may be neglected to a first order approximation.
Alternatively if the transport timescale of the species is nsmadller than the chemical
timescale the constituents will be well mixed. If the two timescales are comparable then
the distribution of the species will be dependent on both dynamics and chemistry.

It should be noted that when a species is in photoclaegilibrium the concentration

of that species may be affected through temperature changes associated with dynamical
effects or through the transport of longer lived constituents that contribute to its
chemistry. Thus transport processes can indiredtgct the species concentration and

cannot be neglected.
2.12.1 Chemical Families

In the previous section chemical lifetimes were discussed and it is therefore now
appropriate to discuss the concept of chemical families. When utilising a time
dependent numerical model to calculate the variation in time of a species that has a very

shot chemical lifetime it is important to use a time step that is shorter than that lifetime.
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This can be very computationally expensive and thus chemical families are introduced

which havdifetimes much longer than those of their constituent members.

Taking the odd oxygen family, , which is made up dof 0,/ $ and/ , as an
example, the production and loss equations yield chemical lifetima8 &fp Q and

¢ 1 tOrespectively ab TE | (Brasseur and Solomon, 1986). The short lifetimes are
the resllt of fast reactions between the members of this family. Howévire entire

family is treated as one chemical species then reactions between the individual members
can be treated as an exchange, or partitioning, of the family members and not as
produwction and loss terms. This leads to a substantial increase in the lifetime of the
family from the order of seconds to the order of weeks as only reactions that cause a net

production or loss of need to be considered in the continuity equation.

In total three chemical families are incorporated @MAT2. The firstis thé family
described above. The second is .the family made up of /and. / . The third

family is the( / family comprised of i (and( / .

In order to calculate the relativ@ncentrations of each component within a particular
family, partitioning of the species is carried out. This is accomplished by integrating
the linearised production and loss differential equations of each family member. The
partitioning ratios are detmined from the integrated concentrations as shown in the

following sections.
2.12.1.1 Odd Oxygen-'E, E =« HE

The odd oxygen family within the CMAT2 model consists of both atomic oxygen and
ozone. The production and loss of these constituents is shown below aatabied
from Dobbin (2005)

Q/ s s . .
— /A A o T Y B o N A Q // -7
Q0
/I 0 0 (O (o (1 & / /&
/I @ [/ Q8

78



Chapter 2: The Coupled Middle Atmosphere and Thermosphere Model (CMAT?2)

-5 (@ ( (/I & 3/ ® $/ ® $ ./
3./ 0 /0 / 0 o/
¢L | o/ ET 1 I $ ( ® I'$ (/1 ®
I $ #( ®
I (® [ (& (/I & (/I ® #/1 - @
I o | #(® #I1Q | 0 /I Q
/I -Q | Q EII I 1 Q
(2.7
where
ET 1 .Y 1 .3Y I Y ¢l QY
QY T@Wodoiqyé
(2.78
ET 1T Y .Y *Ep na 61 né
(2.79

whered 6 i gnéld 6 | qjage the ionisation rates as a result of auroral sources.

n '@ a is the ratio of the photoelectron ionisation to the initial solar photon ionisation
at altitudet and is described in more detail$ection 2.13.2.

These equations are simplified that

Q/

— o o/
Qo

(2.80

Q/ y Y
a5 @ @ A

(2.8)
where0 and 0 represent the production and loss of ozone wdilepresents the
production of and®andrepresent the loss 6f These equations can be linearised

such that the values 6fando are kept constant. The equation can then be integrated
over a time steffrom oto 0 "Qgiving
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Q/

0Q

In a similar fashion

Q/

W/ w/

—_—)

¢/ O MO TO®

Mo 1o ¢/ D UMD TO®

e/ W N

cw/ ARVA)

it is possible to say that
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o UMD TtTon © mmws
W T qw

(2.90

Equations 2.89and 2.90 can therefore be used to determine the ratib wf/ and

therefore their relative concentrations within the odd oxygen family.

The minor species $ is assumed to be in photochemical equilibrium by the model

such that
Ql $ :
—g5 T U / o |/ V] (/
I $ (/& (& #(o | Q Ko
(2.9)
giving
o |/ o |/ 0 (/
f % (/1 ® ( & #(w [/ Q Q 8
(2.92

2.12.1.2 Odd Hydrogen-¢ 5 & 4« BEgL. BE

The chemical production and loss equations for the odd hydrogen family members from
Harris (2001) are

Q( /
Q0

cOo (/0 (1 I $ (& 1% (1

I $ #(& 1 (&
c(/ (& & I (T & (1 & (6
I (#( &8

(2.93
Simplifying the above, as before, yields

Q/ (
Q0

w [/ ( ®© /I ( @

(2.99
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where
(A o)
(2.995
A /o | & (/ ® ( ® (/7 @ #1® . 3w
(2.99

G 0 (1 s (& 1 (D 1 (e (e

¢( (/ ® (] ®  q (/ I $ ( ®
I $ #(o [ (& (/1 &8
(2.97)
A / AR
00 w ( W (
(2.98
where

(D) W

(2.99
() /I ® /I w ( w () W /@ I (W
(2.100
W (/7 - (! @ I (/] ® I (1 ©8

(2.101

Q( .

oY w ( w ( ()
(2.102
where

O O -

(2.103
W /I - 0w |/ ® (/ W w

(2.109
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) I [ (& 0 (/1 w I $

(® I (® [ (( ®
#1/1 (O 3/ (08
(2.109
The production and loss equations for thé family are partitioned such that
I ( P
8
(7, _C (I
I 1o

(2.109
The hydrogen peroxide minor species is assumed to be in photochemical equilibrium
andtherefore

Q(/ oy / e e
96 T o ( ( 0 (® )
(2.109
giving
™ /
(/ ( 8
0 I (® I ®
(2.108)
2.12.1.3 Odd Nitrogen-"E'E "E'EF- HEE
Using the same techniques described in the previous sections
Q- / / $ G / 3G I * 3/ (a
90 : W : W v (w
¢. / /I $ w 1Y
/0 < I N A A N i (9]
.1 1 A8
(2.109
Simplifying as before this leads to
Q. /
Qo © ©

(2.110
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where

o) I 1 ® 3/ ® $/ ® 3/ (0 .10
¢. /1 /I $ /0 /Y
(2.11)
o (/I & | @ 30 $O /Y 0O *Q #1108
(2.112
Q. / /
90 0 0 :
(2.113
where
0 (/ /I ® Il @ /0 L #TD
(2.119
6 o | ® 0 /| ® 8
(2.1%)
Partitioning of the different constituent species yields
A p
o A
P
(2.119
and
. p
] 78
P =7
(2.117
Photochemical equilibrium is assumed for the constituent. In the upper
stratsphere this leads to
2/ / I & I G /U
05 L1 W w - . 0
(2.118
giving
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(2.119

Having described the , ( / , and. / chemical familes above, the following sections
present the continuity equations for the renmgnatmospheric species considered by
the CMAT2 model.

2.12.2 Atomic Nitrogen "E 1

Atomic nitrogen. 3is calculated from

Q. 3 - -
— Q€ /0 / $w $w $ QY
Qo
3/ O /o [ (o | Y 0
(2.120
where' Qg is the ionospheric production of 3 and is given by
QE ] LUQ ™o/ QY mmd8t QY
/.Y A A 4
MOpdQ avQ 0Q .. & ™ DQ
™ OO0 i qPI® T T® VO i PR 18
(2.12)

0 'Q & is the ratio of photoelectron ionisation to the initial solar ionisation at an

altitudeawhile. . & is the ratio of production to primary photon ionisation of
UQ at an altitudex. The ionisation rate of as a result of auroral saas is

given byw o i q) &Q is the predissociation rate of referring to the process in

which. molecules are excited by incident photongtedissociation statedecaying

by dissociation of the molecule rather than by radiation. The t8sg atomic

nitrogen is then partitioned between the ground staBand excited state $ using

the partitioning factors of FulledRowell (1993).
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2.12.3 Atomic Nitrogen "E A

Atomic nitrogen. $ is calculated from

,Q' $ e~V 5 5 5 5 € ]
— Q€ ./ w lw /I ® QY
Qo
(2.122
where, as beforéQg€ is the ionospheric production of $ and is given by
Q€ . 1Y & uiQ ™o/ QY ™. QY
MO ™ E'Q auQ pdQ . ™ DQ a

OO qEER T T UG O | qEPR T8
(2.123

2.12.4 Water Vapour € "E

Water vapour withithe atmosphere is calculated from

Q( |/
Qo

I (1T (& 1 (& 1T & 1 (( &

( (/&  #(/1(Hd (/1 0 0 8
(2.124

2.12.5 Molecular Hydrogen €

Molecular hydrogen is calcukd from

Q(
Qo

(1 (& (/0 ( - &

( /(& 1 $&d &8
(2.125
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2.12.6 Methane A €

Methane is calculated using

£ ( # I (& | & | $& 8
90 ( (w w W
(2.126
2.12.7 Carbon Dioxide ' A°E
Carbon dioxide is calculated from
Q# 1 #1 1] (& #1/ 0 8
Qo (& -0
(2.127

2.12.8 Carbon Monoxide 'A°E

Carbon monoxide is calculated using

'Q#/ ¥ ol it [ [
90 #( / $w #(/lw #(/ (0o #/ | (® /| - ® 8
(2.128
2.12.9 Helium £ "H
Helium is considered to be in photochemical equilibrium such that
Q(
96 8
(2.129

2.12.10 lon Chemistry

CMAT?2 uses the ion chemistry code derived from the original CTIM model routines
developed by FulleRowell (1996). Within these routines the tdlsution of/ is
determined first and is followed by calculations of the distributions of ,. , and
. | assuming photochemical equilibrium. The concentrations & and. 3 are
calculatedself-consistently within the code. Within the tropigalgions at latitudes
between +25°the density of as well as the electron and ion temperatures are

calculated from a linear interpolation of their values at the boundary bfghdatitude
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code. By using the interpolated valuttge electron and iodensities can be calculated.
Photoionisation and dissociation rates will be discussed in more det&édton
2.13.2.

2.12.11 Start Up Constituent Climatologies/Initial Conditions

CMAT?2 uses start up climatologies for a number of different constituertesedata
come from a number of different sources. The concentrations of constityéntsand

( are determined from th&SISE90 reference model (Hedin1991) while the
concentration of is determined as the remainder of the whole atmosphere minus the
other major constituents. h€ Upper Atmosphere Researcheite (UARS)reference
atmosphere as described in Remedibsl. (1998) is used as the source for startup
climatological data oh ,( /,. / and# ( where the data is available. The global
means of ,( /, and# ( as calculated by the John Hopkins University Applied
Physics Laboratory twdimensional model (JHU/APL-R), from Zhuet al.(1999), are

used to determine the concetias of these species above the altitude range covered
by the UARS satellite. The concentration of is linearly interpolated from its value

at the upper boundary of the UARS detection rangeand. / values are taken from
data collected by the UARBALogen Occultation Experiment (HALOE). These data
have been collected from monthly zonal mean dawn observations. Above 56 km where
data from HALOE is unavailable, the concentrations df. 3, and. $ are taken as
global means from the NCAR TIMECM asdescribed in Roblet al. (1987). Up to

the turbopauset / is assumed to have a constant mixing ratio of 360 ppm above
which the concentration falls off with its scale height. For the remainder of the

constituentsthe global mean profiles of Roble @) are used.

At the uppermost two pressure levels the concentration of atomic hydrogen is taken
from MSISE90. With regards to all other constitugnwiffusive equilibrium is
assumed at the upper boundary. A more detailed description of theupstart

climatologies and the boundary mixing ratios is presented in Harris (2001).
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2.13 Energetics

Up to this point the effects of incoming solar radiation have been largely ignored.
However the atmosphere is not transparent to incoming radiation and as such

absorption of solar radiation by the atmosphere requires consideration.

The LamberBeer lawstates that at any point within the atmosphere the intensity of
solar radiation can be calated from

0. O0_A@bt_
(2.130

whereO_ is the intensity of radiation at a wavelengifiO _ is the irradiance of the
radiation ap! 5(1 astronomical unit & w@p 1 | andt _ is the optical depth
of the radiation and measures thiemtiation of the radiation by the atmosphere. The

wavelength dependent optical depth is given by
T _ . _ & G0AK«
(2.13)

where, _ is the wavelength dependant absorption cross section of an atmospheric
constituenfGand¢ & is the height profile of the constituents concentratiGnA. A &

represents the volume of atmosphere through which the radiation transverses at an angle

of .. to the vertical as shown Figure 2.3 below.
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\\|
\& VOLUME = sec X dz
\‘ /
/

Figure 2.3 Absorption of solar radiation in an atmospheric layer of unit area (Brasseur
and Solomon, 1986).

The angle at which solar radiation enters the atmosphere is dependent on a number of
factors including latitude, local time, and day of year such thatdbime of the solar
zenith angle is
AT.O ATHATIATO OBMOET
(2.132

where%o.is the angle of latitudg, is a seasonally dependent solar declination angle, and

"Ois the hour angle which isJ for local noon.

At sunrise and sunset, when theasotenith angle is greater thgnd however,the
curvature of the Earth makes the atmospheric column content a much more complicated
function of solar zenith angle. As a result, the Chapman grazing incidence function,
0"Q..., (discussed in greater detail Section 2.13.%which describes the ratio of the

total amount of absorbent along a path to the amount of absorbent in the vertical,
replaces the solar zenith an¢g®&wider and Gardner, 1969)

2.13.1 Solar Irradiance

The LamberBeer exponentiadbsorption law, desibed in the previous section, is used
by CMAT?2 to calculate the level of absorption of solar radiation and thus the rate at

which radiation heats up the atmosphere. Due to the fact that the CMAT2 model has an
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upper boundarythe contibution to the integral within this equation resulting from the
atmosphere above this boundary must also be accounted for. This is accomplished
using the expression of Rishbeth and Garriott (1969) which shows that for a species
with a local number density , where the local scale height is given®y the total
number density per unit area, referred to as the column density, can be determined from
¢ 0.

2.13.2 Photoionisation and Dissociation

Photoionisation occurs within the atmosphere when tiadiaf a suitable wavelength
excites electrons within atmospheric constituents to the point that they are capable of
ejecting themselves entirely from the constituent. The result is a layer of the
atmosphere known as the ionosphere. The photoionisatten of an atmospheric

speciesCat an altitudex can be calculated from

(2.133

adapted from Brasseur and Solomon (1986ere¢ 'Qis the concentration of a
constituenfCat altituded, _ represents the ionisation threshold wavelen@h, is
the intensity of radiation at a wavelengtht altitudeq, and ,, _ is the ionisation
cross section _fx represents the branckjmatios which specify the prodiion of

ions within both the ground state and electronically excited statesFor each

constituent

(2.134

Equation 2.134needs to be integrated from the ionisation threshaldelengthfor the
production of ions in the ground state, to the mininwaawelength for which the photon
flux contributes to the production of ions. In atmospheric modelling it is common
practiceto specify the total photiorasion cross sections and branching rations for

specific wavelength intervals.
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Photodissociation of explainswhy/ is the major atmospheric species within the
thermosphere above altitudes of approximately & i. The photodissociation rate of

an atmospheric constitueiat an altitude is

(2.135

where, Is the photodissociation cross section. The integration is carrigfdoout

the wavelength below which photons play a part in the proces$p the ionisation

limit, _ where photon absorption leads almost entirely to ionisation.
2.13.3 Solar Heating

The atmospheric heating as a result of the absorption of solar radiation with a
wavelength_can be calculatedsing

0 & _9_Aobt_

. L@
B (2.136

(Dobbin, 2005), adapted from Andrews (2000) and Houghton (198&re¢t is the
concentration of the constituent, the photon energy is give’l'@:’oy, Q s Pl anck

constant andis the speed of light in a vacuum. The heating efficiency is represented
by- _ and is the fraction of the incoming energy that is convertedne&b.,, _ is

the absorption cross section of the particular constituenigandis the intensity of the
radiation at wavelength at a distance of 1 AU.t _ is the optical depth and is a
measure of the quantity of radiation removed through scajter absorption as it
travels along its path. The total heat generated over a particular range of wavelengths
can also be obtained by integrating the above equation over the full range of

wavelengths.
2.13.4 The Thermospheric Heating Routine

The curent thermospheric heating routine in CMAT2 calculates the thermospheric UV
and EUV heating and ionisation at 5 nm spectral intervals while also accounting for the
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effects of line emission. This routine was developed by FRitevell (1981) and has

since undergone numerous updates. In one update by FRdeswll (1993) the routine

was anended to calculate the Chapmgazing incidence functions for each of the
absorbing species. The ionisation spectral range was also extended to include soft and

hard xrays. The equations used within theutioe, from Swiler and Gardnef1969),

are
6Qah.. — — p Qi WAI-O AgmAl &
S S S S
(2.139)
sadh. - el o ai Al o0& o
.. c L p O— p OO E
(2.138
wherey @© @ "o Wis the radius of the Eartfyis the altitude an®Dis the scale

height of the absorber species under consideration. The purpose of these equations is to
account for the curvature of the Earth at large solar zenith angles and were not included

in the aiginal thermospheric code.

The UV fluxes from the SchumasiRunge continuum between 105 and 180 nm are
from Torr et al. (19803. The modified Hinteregger (1970) fluxes due to Teftrral.
(1979) measured by the AE satellite are used within the EUV speatrge between
1.8 and 105 nm. Correspondihg/ , and. ionisaton and absorption cross sections
are from Torret al. (1979) although below 40 nm the values fdnave been modified

in accordance with Samson and Pareek (1985). For wavelengths®elovihe cross
sections are from Oshiet al. (1966) and Banks and Kockarts (1973). The cross

sections for thé Schumann Runge continuum are from Tedral. (19800.

Processes such as airglow emissions, secondary electron events and electramscollisio
also act as sinks of energy within the thermosphere. At the time of writing none of
these processes are accounted for by the model. Haqweaerphoton energy
channelled into these events must still be accounted for and as such the EUV heating
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efficiencies of Robleet al. (1987) are applied. Theswating efficiencies also account

for ion-neutral exothermic reaction contributions.

Dissociative heating df between 130 and 240 nm, requiring 5.08 eV, and occurring

at altitudes between 1aIBO km is he main source of solar heating within the UV
spectral range. Since the lifetime of atomic oxygen within the lower thermosphere is
large, with a value larger than a day, recombination does not occur locally and due to
transport effects the chemical energgpsorbed during the photolysis o6f is
transported downwards before being released. Once below 100 km the energy stored is
released through recombination reactions. Since this is the dominant source of solar
heating within the UV range it is therefore not necessary to apply UV heating
efficiencies within the model. Instead thle / bond energy is simply subtracted

and the recombination exothermic heating is calculated self consistently after transport.

Within the range of the Schumann Runge bands (between 175 and 200 nm) the
absorption © radiation by/ and subsequent dissociative heating in the lower

thermosphere is calculated using the parameterisation of Strobel (1978) given as

0 p
/ _
@ X0 o8 T pmo

(2.139

where / is the molecular oxygen number density incn® is the total slant

column density of incm?and0 s the heating rate in 0.1 Win

If & p T cm?

¢cg o pm 8

\‘ <

(2.140
2.13.5 The Mesospheric Heating Routine

Heating within the mesosphere is primarily due to the dissociation iof the Hartley
(242310 nm), Huggins (33200 nm) and Chappuis (4850 nm) bands. Absorption
of radiation by  within the Heeberg continuum (26@42 nm) is also a contributing

factor. Within the model the contributions of the parameters listed avevealculated
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using the heating algorithms of Strobel (1978). The dissociation rate coefficient of the
Hartley continuum is also calculated using the absorption cross sections and fluxes
provided by Strobel (1978). The heating algorithms are:

0

Q@ pm AgBby® pm 6
(2.141)
0 0 .
T 3 @epm x@ pTAGDPX X pT 6 ofp
pTA@DTI& ¢ pTt 6
(2.142)
0 .
— p8tv pmm A@GBcU pt O
(2.143
0 PR pmeH» pT / @ pnn /| AoObe®d pmn 6
T8 pm O
(2.144
where0 ,0 , and0 are the heating rates due to absorption in the Hartley,

Huggins and Chapis bands im@7 A . 0 is the Herberg heating rate in
7 M and contains a contribution from absorption,/ is the ozone local number

density inA I and finally 6 is the ozone slant column density.

Modulation of these bands as a result of variations in the solar cycle are 3% in the
Hartley, Huggins and Chapis bands and 4% in the Herzberg continuum (&rag
1993).

It is important to note that CMAT2 does not account for scattering of incident photons.
Within the stratosphere, where the atmosphere is sufficiently dense, incident photons
can undergo a large degree of scattering. As a result of cddlipanticles cambsorb

energy from incoming photons and then reradiate the energy outwards in all directions.
The optical depth of the stratosphere therefore decreases as the attenuation of radiation
is now a reglt of two contributing factorsabsorptionand scattering. The effect of this

is to increase the heating rates within the upper stratosphere by approximately 20%

between 30 and 40 km taking a surface albedo of 0.3 (Brasseur and Solomon, 1986).
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2.13.6 Mesospheric Heating Efficiencies

The heamg efficiencies of Mlynczak and Solomon (1993) in their study of the energy
paths after the dissociation /of and/ are used within the model and account for a
loss in the heating efficiency of betweer2@% primarily as a result of airglow within

the region.
2.13.7 Atomic Oxygen Cooling

Atomic oxygen cooling within the atmosphere is a direct result of the fine structure 63
em radiative emission from oxygen at alt

for in the model using the Bates (1951jgraeterisation given as

p® x p T AGDg Y
p THA @Dc YHY TRA @Do ¢IY

CR

(2.145

where”Y is the neutral temperature arld is the atomic oxygen number density in

[ . However considering uncertainties in the validity of this parameterisation, more
details of which can be found in Harris (2001), a reduction factor of 0.5 is applied
(Robleet al.,1987). Due to an overestimation of the cooling within the lower regions
of the thermosphere, attributed to the increasing opacity below 120 km, a dampening

factor of

(2.146

is applied wheréis the altitude irE | (Dobbin, 2005). For altitudes below 80 km the

atomic oxygen cooling is set to zero
2.13.8 "E"ERadiative Cooling

The 5. 3LTE mandremission from / between 15@00 km is calculated using
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b @Eb m AdRgy
(2.147

from Kockarts (1980). 0 is the cooling rate measured A/OTDOand¢ is the
concentration of / molecules in the ground vibrational level 1. The energy of

the photon emitted when vibrationally excited  undergoes the reaction

. 0] D

(2.148
is given by®. 0 is the Einsteird coefficient for thespontaneous emission of a
photon from. /  and is taken to be 13.3'§King and Crawford, 1972)"Q andQ
are the statistical weights for vibrational levals p and 0 1 andare assumed to
be equal. The Boltzmann constant is giveriand the kinetic temperature given by
Finally,7 represents a dilution factor expressing the -h®& departure from a
Boltzmann distribution of energy levels and is expressed as

QED

Q¢ 0 0

(2.149

where 'Q is the deactivation rate cifieient of . / by collisions with another
constituent, denoted by between vibrational level® p and 0 1. ¢ is the
number concentration of the constitueiit . Given that the deactivation of/ by .
and/ is much smaller than by such thatQa O Q& OL Q @ Qonly
deactivation through collisions with are considered. A value @ @ O &
pmt Al O at300Kisused (Fernando and Smith, 1979).

2.13.9 ‘A"ECooling

Cooling within the MLT region of the atmosphere is primarily due to the LTE and non
LTE 15 em ban#d. eTims 5 cdlcolated within CMAT2 using the
parameterisation of Fomichest al. (1998), more details of which can be found in
Harris, (2001). The collisional deactivation rate constants of Sheedl. (1998) are

used to calculate the deactivatiortof mp 11 by. ,/ and/ and are
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N u® pm WY o pm AGPy&yY

(2.150
N pn AR @& X c o&Y UL QY
(2.15))
N o pm 8
(2.152

The values fofQabove are all measured in unitsfof 7O Within the norLTE region
betweenp v p p B I collisions with/ are the dominant source of deactivation.
However there is a large degree of uncertainty regarding this particular rate constant
and this has a significant impact on all calculations related to the energy budget of the

region.
2.13.10 "E Cooling

Within an altitude range of 205 km there is a minor otribution to cooling resulting
from the 9.6 em band emission of o0ozone.

contributor using the parameterisation offAchev and Schved (1985).
2.13.11 Exothermic Chemical Heating

At altitudes abovep TtE | molecula oxygen is dissociated by incoming ultraviolet
radiation leading to the production of atomic oxygen. Howeabove altitudes of

P 7E | the lifetime of atomic oxygen exceedsiE | O(Grdithet al.,2010). Therefore
chemical potential energy created Hye tphotolysis of molecular oxygen can be
transported away from the site of the photolysis reaction. This energy can subsequently
be released via neutrakutral reactions and is calculated for by CMAT2 after transport

of the constituents has taken place.

Heating effciencies are also applied to a number of chemical reactions in order to
account for the loss of energy through radiative emissions. For example, in the case of

the reaction between hydrogen and ozone

( / 9/ (C0O p w [/ 08P
(R2.1)
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a heatig efficienrcy of m@® is applied by CMAT2following Mlynczak and Solomon
(1993). This accounts for loss of energy through radiative emissiotige iform of
airglow. Vibrationdly excited hydroxyl is a major contributor to the exothermic
heating of themiddle atmosphere and this radical will be discussegieater detail in
Chapter 3.

2.14 Dynamics

2.14.1 Lower Boundary Forcing

Data from the Mass Spectrometer and ground based Incoherent Scatter Extended
MSISE90 empirical model (Hedin, 1991) is ustmldetermine the daily zonal means of
geopotential height. These data are then applied to the lower boundary of the model.
Data fromMSISE90 is both date and pressure dependand allows for a realistic
representation of seasonally varying wind stitetin the lower atmosphere. The zonal
mean temperature and wind fields at the lower boundary are calculated typically from a
liner extrapolation of the two lowermost levels above the boundary. Details of other

methods are provided in Harris (2001).
2.14.2 Tidal Forcing

Using classical tidal theory, deted in Muller-Wodarg (1997), perturbations in the

self consistent geopotential height can be derived and then used to apply tidal forcing at
the CMAT2 lower boundary. This is a necessary step whatelitty a more realistic
middle atmospheric wind structure. Details of the implementation of this can be found
in Harris (2001).

Hough modes are used to describe the horizontal structure in tidal oscillations and are
implemented in the model. With eaoiode there is a phase shift that corresponds to
the local time of the maximum and the tidal amplitude both of which need to be
specified. Hough decompositions of the Global I&d&ave Model (GSWM) (M.
Hagenet al.,1999), are used to determine the phasebamplitudes of the tides at the
CMAT?2 lower boundary and are listed in a table provided in Harris (2001).

Within the model the (1,1), (2,2), (2,3), (2,4) and (2,5) Hough mddescribed in
Section 1.3.4 are all implemented. After summing the tidg¢éopotential height
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perturbations to théMSISE-90 geopotential height field, perturbations in the lower
boundary winds and temperatures, associated with tidal oscillations, can be calculated
using the methods described in Harris (2001) but are typicaltylated from the linear

extrapolation of the two lowermost levels above the lower boundary.
2.14.3 Gravity Wave Parameterisations

Within the CMAT2 code therare a total of four separate gravity wave schemes of
varying complexity. The basic schemdereed to as the Rayleigh scheme, is typically
used only during the spinp phase of a model run before being replaced by one of the
more detailed parameterisations. The Rayleigh scheme was designed to approximate
the effects of planetary waves within tle@mosphere after initial simulations of
planetary wave forcing at the CMAT2 lower boundary were shown to be incapable of
producing realistic results. The Rayleigh scheme approximates planetary wave effects
through the implementation of zonal and meridioRayleigh friction terms. These
terms are tunedb be consistent with the planetary wave drag morphology profiles of
Brasseuet al.(1990) and are described in Harris (2001).

After the initial spinup phase of the model ruone of the alternative three gravity
wave parametisations isinitiated. These are referred to as the Hyimbzen
Matsuno (HLM) scheme based on the work of Lindzen (1981) and Matsuno (1982), the
Medvedev and Klassen (MK) scheme based on (Medvedev Kdasken, 1995;
Medvedev et al., 1997; Medvedev and Klasser2000) and the Alexander and
Dunkerton scheme (AD) based on the work of Alexander and Dunkerton (1999).
Details of each of these paramwtations can be found in the respective papers above
andtheir implementation into the CMAT2 code is déised in detail in Harris (2001),
Dobbin (2005, and Yij it et al.(2008).

A gravity wave parameti sati on can be defined as fa
dynamical effects of vertically propagating sgitid scale atmospheric gravity waves in

a GC Mpit efak R008). Many of the initial studies into gravity waves were based
on the gravity waverdg parameernisations of Lindzen (1981). Since then a number of
more complicated gravity wave schemes hheen developed. Despite thesereno

complicated routines howevethe implementation of gravity wave schemes into
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GCMG6s i s st tadk(Frittsamd Aleranderr 2008hdan many cases can lead

to high levels of instability within the model.

The purpose of these schemes is to reproduce the observed mesospheric zonal mean
wind reversals observed during solstice as well as the associated meridional temperature
reversal within the mesopause which results from the deposition of gravity wave
momentun and energy as describedSection 1.3.5 In order to accomplish this the
parameterisations must accurately determine the amount of energy and momentum to be
injectedinto the atmosphere and subsequently deposit it at the correct altitude within the
meosphere. This is often accomplished through experimentation with various gravity
wave settings such as wave amplitudes and fluxes in a process often referred to as
0t uni pitgedal, QOOB). All gravity wave schemes require a certain amount of
tuning and the majority of schemes introduceiatermittency factomwhich is used to
reduce the amount of gravity wave drag and thus scale down the amount of gravity

wave momentum deposition.

Each of the gravity wave schemes mentioned in this section retherspecification of

an initial gravity wave spectrum at some altitude in the lower atmosphere. Typically in
GCM6s the altitude chosen for the | aunch
CMAT?2 this corresponds to an altitude@fE . The subseaent evolution of gravity

waves as they propagate upwards is very much dependent on this launch level.

For the purpose of this thesis the Alexander and Dunkerton (AD) gravity wave scheme
was used in model calculations. As gravity waves are not a prioauy of this thesis
only a brief summary of the implementation of this scheme is discussed. A detailed
discussion of the implementatiaan be found ir¥ij iet al. (2008) andY i jet 4l
(2009) The initial spectrum is given by
60 & i "QEHD O Agop =2
(2.153

whered 0 @ is the vertical flux of horizontal momentugkt & ¢ is the intrinsic

phase speed at the launch levelQ& @ 6 Txo 0 sis the relative direction of a

particular harmonic with respect to the mélanv at the source leve , & is the half

width of the Gaussian at half maximum ands the momentum flux shift which is
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eastward ifd Tl ¥Oand westward ifo i FO(Yijit et al., 2008). The
configuration of the spectrum is shownFigure 2.4 and extends from@ 110 @ 1t ¥

Ofor a total ofp ¢ parmonics.
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Figure 2.4 Initial gravity wave phase speed spectrum for the AD gravity wave scheme
(Yijit et al, 2008).

The intermittency factor used by the AD scheme is given by

Q 607" t00
(2.159
whered is the time averaged momentum flux of the spectrum and specified at the
beginning of the model ruri, is the background density at the source level and

t 6 0 s the sum of the momentum flux in the launch spectru (¥t al.,2008).

Filtering of the individual harmonics within the spectrum occurs usiitgcal layer
filtering. At each vertical pressure level the signcki checked. If the sign @bl
changes between two pressure legeBndé p then absorptio of the associated
harmonic has occurred between these two levels and the momentum and energy of the

gravity wave are deposited into the region.

With an appropriate initial gravity wave spectrum, intermittency factor, and filtering
process gravity wave dg for the dissipating harmonics can be calculated at each

vertical model grid point. This is done by calculating the momentum depogiteath
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individual wave which arehen linearly superimposed to calculate the resultant drag.
The total gravity waverag at a given vertical level is calculated by the AD scheme as
” 'Q

” Qq O

o

(2.155

where®is the total gravity wave drag at a given vertical legi$ the intermittency
factor,’Q ds the distance between two consecutive pressure lewéB &0is the total

wave flux and determines the direction of forcing.
2.15 Major Species Transport

Molecular nitrogen, molecular oxygen and atomic oxygen form the three major species

in the model. The composition of each of the three main consstigecalculated using

the continuity equation
T.. p

2 REY oL 0

= -1 J0Ea 0 1 O éna..
To T o

(2.167)

(Fuller Rowell, 1984) where the first term on the right hand side of the equation is the
chemicalproduction and loss of the constituent, the second and third term represent
horizontal and then vertical advection and the fourth and fifth terms represent molecular
and turbulent diffusion respectively...is the mass mixing ratiof the specief) The
sources and sinks of the constituent are represented Idy is the molecular mass of

the constituenQwhile & is the mean molecular mass. is the number density, is

the molecular diffusion velocity arid is the eddy diffugin coefficient.

For each of the main constituents the diffusion velagitis found by simultaneously
solving the generalised diffusion equation for a multiple speciesinorm gas given
by Chapman an€owling (1952) as

P a6 —=tas . Zna p
E &0 50 S

Q- | Q-
<y

(2.157
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whereO is the mutual molecular diffusion coefficient of a constiti@htrough the

constituenfQd is the mean molecular mass determined from

tEa ¢ta ta E

(2.159

and¢ is the total number density. The value taken is then the weighted mean of the

velocity through each constituent.
2.15.1 Molecular Diffusion Coefficients

Molecular diffusion within the atmosphere is a direct result of atmosphkensity
gradients. Gas moleculesliffuse along a path in the opposite direction to the density
gradient. The flux of the molecules is directly proportional to the density gradient in the
atmosphere and is caletéd froma One. The molecular diffusio coefficient is

given by the proportionality factd.

The major constituent mutual molecular diffusion coefficients used by the model are
assumed to be symmetric such tkat 'O and are presented in thEable 24

(Colgroveet al, 1966).

0 0 o | O
I . 8
/. . 8
ch&r PEIPOCPT, cpmpm
F % 8 p8r
cyar POPOCPTL pyp p

Table 2.4 CMAT2 model mutual molecular diffusion coefficients whéres pressure

in pascals andvis temperature in Kelvin (Colgrowt al, 1966).
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2.15.2 Eddy Diffusion Coefficient

While attempts have been made to self consistently calculate the turbulent diffusion
coefficient profile in the model within the gravity wave parameterisation schéme, t
results of these attempts were found to be unpredictable and the model was shown to
produce urealistic wind profiles (Harris2001). The turbulent diffusion coefficient

profile, O, therefore used in the model is from Roble (1995).
2.16 Minor Species Transport

Within the model the composition of the minor species is calculated in a similar way to

that of the major species. Howeyeshen dealing with the minor species the transport

effects that these constituehi@ve orthe major species argriored. As such molecular

diffusion is not mutual and is therefore analogous to turbulent diffusion. The diffusion

equation therefore takes the form
T....p

= Zay oL 0
0]

T 7o

(2.159
2.16.1 Minor Diffusion Coefficients

The majority of minor species molecular diffusion coefficients used in the model are
obtained from the empirical expressions of Banks and Kockarts (1973). These
expressions are used to calculate the diffusion coefficientosf af the minor species
through. and / while diffusion through/ is calculated using the empirical
expression of Fulleet al. (1966). For the diffusion of minor species 3,. $ and

. I through. K , and/ the molecular diccusion coefficients of Levén al. (1990)

are used.

The overall diffusion coefficient of each minor constituent through the major species is

determined using Wilke (1950) calculating the weighted means of the coefficients from

. Y
O ) 0) E
(6] (6]

(2.160
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whereU is the volume mixing ratio of the major constituent &d is the molecular
diffusion coefficient of the species through that major constituent. For chemical
families the values d© are the weiglgd means of the diffusion coefficients of each

family member through the major constituent in question.
2.17 Chapter 2 Summary

In this chapter the CMAT2 model has beencdbsd in extensive detail. This
description has included a detailed accounhefdassumptions made by the model, the
governing equations which are solved by the model, the numerical methods utilised in
solving these equations, and a description of the model grid. A detailed account of the
parametes defined within the model, inadling initial and boundary conditions and an
extensive description of its chemical, energetic and dynamical routines are also

presented.

While this chapter has no doubt tried the patience of the reader with what must have
appeared neverending serie®f conplex equations, it is hoped that the necessity for
this level of detail, in particular in relation to the cheah routines, is clear. These
routines will subsequently be mdidid in order to incorporate the chemistry/of”. In

the following chapter théydroxyl radicalwill be discussed anthe features exbited

by this radical in th@ight-time airglow of the atmosphere will also be described.
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Chapter 3

The Hydroxyl Radical (OH)

3.1 Introduction

In Chapter 2, the CMAT2 model was described in detail. This description included a
detailed account of the fundamental equations solved, the model parameters and the
chemical, dynamical and energetic routines. In this chapter the hydroxyl radical itself
will be discissed. This will include a distinction between ground staté and
vibrationally excited hydroxyl/ (° which will be followed bya description of the

| (* photochemistry. The energetics and quantum mechanical selection rules of the
radical will also bedescribed and as well as the determinationtotlectric dipole
moment function (EDMF) and thesultantnverse radiative lifetimes which govern the

| (* emissions. General features of the emissions, which this thesis attempts to

simulate, will also bg@resented.

As discussed inChapter 1, the terrestrialnighttime airglow (nightglow) in the
atmosphere is dominated by the infrared emissions of vibrationally excited hydroxyl
radicals / (° in the mesopause. This brightness of the emission can peaelga
Rayleigh (Turnbull and Lowe, 1983). Since their discovery in the upper atmosphere by
Meinel (1950) numerous studies have been carried out in order to identify and explain
the mechanisms and processes that account for the behaviour of this partiemanal

speciesas outlined irSection 1.1

Today these studies are still an important topic in aeronomy as the energy released via
the reaction of atomic hydrogen and ozone, the primary sourée(‘ofvithin the

region,

( / 9/ CUO ¢ w /| o&1]A6
(R3.1)
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provides the single largest chemical source of heat within the mesopause (Mlynczak and
Solomon, 1993; Kaufmanet al., 2007). This significantly contributes to the local
energy budget of the mesopause. The subsefjugnemissions significantly reduce

the energy available for heat and provide a signal from which the chemical energy
deposition rate within the mesopause can be derived (Mlyneizak, 1998). These
emissions further provide a useful remote sensing tablerstudy of the photochemical

and dynamical processes that play a role in the upper atmospheee §X2012), and

allow for derivations of the atomic hydrogen concentrations (Mlynetai.,1998) and
atomic oxygen concentrations (Russell and Low@)3} within the region, provided

that the concentration of ozone is well known.
3.2 The Hydroxyl Radical "EE&

The hydroxyl radical is composed of an oxygen atom combined, through a covalent
bond, with a hydrogen atom. Given that it is one electramtstf a closed shell
configuration, and has one unpaired valence electron, this molecule is a very reactive

species and is often referred to as a o6r

The structure of the radical, shown diagrammaticallyFigure 3.1, leads to a
significantly weighted electric charge distribution within the molecule. As a result a
large dipole moment exists with a value of approximapyA A A (Mdison et al.,
1990) compared to other typical diatomic molecules suclt dand. / which have
dipode moments ofi® db andT® ¢b respectively (Mahan, 1966).

-\

Figure 3.1: Conceptual diagram of the hydroxyl radical.

In its ground state, hydroxyl can be found in a number of atmospheric layers including

the upper troposphere, stratosphere and mesasph&ithin the lower layers of the
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atmosphere, up to altitudes of approximatghE I, it is primarily produced during the

day where the photolysis of ozone, given by

/| ®mo/ $ |/
(R3.2)

resulting from incoming solar radiation in the Chappuisw x Y v frti , Huggins
onmuvowll,and Hartleyc moo b i , bands is followed by the chemical

reaction

I $ (/9°c¢ (8
(R3.3)

Above altitudes ofp (E | photodissociation of / , resulting from incoming solar
radiation at the Lyman emission linep ¢ &1 | , is the dominant source day-time

hydroxyl (Summergt al.,1997).

Hydroxyl produced via these reactions acts as a significant oxidising agent (Seinfeld
and Pandis, 2006), if not nAarguably the
Earthmespher eo. Furthermore, it accoun
destruction within the atmosphere between altitudes of w 1E | (Summerset al.,

1997).

For these reasons numerous studies of ground state hydroxyl in the different
atmospheric layersave been conducted and this radical has often been referred to as a
Afdetergento of the atmosphere. This 1is
capacity to cleanse itself of various pollutants €Lial., 2008) via chemical reactions
within anumber of catalytic cycles involving nitrogen and chlorine species (Suneters

al., 1997).

Since the focus of this thesis is primarily on upper atmospheric, and vibrationally
excited hydroxyl / (* , involved in establishment of the airglow layer previgus

mentioned, ground state hydroxyl within the lower layers of the atmosphere will not be
discussed further. Studies of ground state hydroxyl produced at altitudes above

approximatelyp TE I, within the mesosphere region, will be discussed briefly.
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Pickdt et al. (2006) used observational data obtained from the Microwave Limb

Sounder ( ML S) i nstrument

onboard

NASAOGS

Caltech 1D photochemical model to investigate the characteristicgghit-time upper

mesospheric hydxyl in the ground state. This study shows the existencenajha

time layer of/ ( at altitudes of approximately ¢ | as illustrated irFigure 3.2
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Figure 3.2: Zonal mean MLS observations bf( density with solar zenith angle of
p TJion June 22, 2005. The black line is the height opt@efressure level. The

vertical whit line is the latitude where the noon SZAistJr{Picketet al.,2006).

Figure 3.2 shows a typicahighttime/ (layer as recorded by MLS for June"$2

2005. The black line represents a line of constant pressupedatand is used by

Pickettet al. (2006) to show that pressure is often a better coordinate than altitude in

studies of (. The particular date used, which corresponds to the June solstice, was

chosen to emphasise the differences betweer thprofiles within the northern and

Southern hemisphese The layer of (that can be seen has concentrations typically

betweerp ¢ p b AKI ; howeverthe peak in concentrations can be seen to exist

in the high-latitudes of the summer hemisphere. This is more evideriigare 3.3

which shows the global distribution of the( layer, at this pressure line, for 2008. The

peak in/ ( concentrations can be seen to follow the summer hemisphere.
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Latitude
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Figure 3.3: Concentration of ground state( for the year 2008 as measured by the

MLS instrument. Unit® AKX .

Using model predictions, Pickett al. (2006) extendedtheir study by calculating
typical nighttime concentrations of (* within the first nine vibratinal levels for
comparison with measurements/of concentrations.Figure 3.4 shows the calculated
profiles of some of these vibrational levels as well as a measured prdfiléaiio 0.

on September 23 2004 att ¢ 1E ddcal time.
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Figure 3.4: Calalated night profiles of vibrationally excitetl (* densities for
September 2% 2004 at latitude 9. , atm ¢ 1E Ol@xal solar time (Picketet al.,
2006).
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It can be seen that (* represents approximately onyp of the total/ (up to altitudes

of p tE . At altitudes ofw 7E i it represents approximately t of the total/ (.
Pickettet al. (2006) attribute this to decreasing pressure at altitudes gbuizd. This
slows the rate of / recombination and therefore increases the relative importance of

thehydrogen and ozone reaction responsible for the creatibn(‘of

Throughout their studyPickettet al. (2006) emphasise the importance of treating

and/ (* as distinct chemical species due to the different chemical reactions involved in
their respedte production and loss. In this thegtss approach is adopted and the first
nine vibrational levels of (* are considered as distinct chemical species. This will be

seen and detailed further @hapter 4 andChapter 5.

Englertet al. (2008) used MS data, in conjunction with observaticdinem SHIMMER

(Spatial Heterodyne Imager for Mesospheric Radicals) onbdadSTPSaf, to

investigde the diurnal variation of dayme upper mesospheric hydroxyl in the ground

state. Figure 3.5shows a comparisoof theday-time profiles of/ ( at approximately

v J. on July 18", 2007 and at approximatety gg (£ Ol@tal time as measured by
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both SHIMMER and MLS as well as model predictions of the MFHEMI1D

photochemical model.

1 " N L N 1 x " " " 1

16 July 2007 |

MLS (13 LST) L

Stondard Model (55° N)
SHIMMER (53°-58° N)

T

0.0 0.5 1.0 1.5 2.0
OH Density (107 cm™)

Figure 3.5: Comparison off ( vertical density profiles measured by SHIMMER
(black) and MLS (blue) and calculated by the NRHEM1D photochemical model
(red) (Englertet al.,2008)

Grey areas surrounding both the blue MLS line and black SHIMMER line represent
their respective errors. All three profiles generated are in agreement with a clear peak in
/ ( concentrations in the mesosphere at altitudes of approximeatelyi during the

day. This peak i ( concentrations results from the photolysis(of within the
mesosphere while below this peak is primarily produced via reaction2o& and

20® described previously.

Englert et al. (2008) further investigated the diurnal véioa in daytime/ ( using
SHIMMER data. Figure 3.6 shows the diurnal variation iday-time/ (atq altitudes
betweeny tand ¢ TE | . Data for these figures are gathered from SHIMMER
measurements over a time period of approximately one month between Juaed27

August £', 2007.
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Figure 3.6: Diurnal behaviour of (as measured by SHIMMER (black diamonds)
compared with CHEM1D calculations (red squares). The error envelope of the
SHIMMER measurements reflects an estimate of the combined systematic and
statistical errors. SHIMMER local times vary froqn@ E Odd dayp X ip ug E Oad

day¢ p.1t The CHEM1D curves represent a compositp gseparate calculations for
thedaysindicated by the top ax{&nglertet al.,2008)

At altitudes ofx TE | there is agreement between the model predictions and SHIMMER
measurements. Slight differences between the measured and calculated profiles amplify
with increasing altitude. Above (E | there exist significant variations between the

two profiles as the odelled/ ( reaches its peak much later in the day and the
concentrations differ by a factor of two or more. Engtdrial. (2008) attribute the
differences in these profiles to reactions of the odd hydrogen species, farmely

and( / , with ozone.
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It should be noted that Englest al. (2008) focus primarily on altitudes surrounding

x TE [ and do not discuss the higher altitudes in any great detail. At these higher
altitudes, despite the differences in the SHIMMER and model predictions, both profiles
show little diurnal variation and the concentration$ dfrecorded by SHIMMER, with
values betweep ¢ p mAT , are still in agreement with observations from the
MLS instrument. This agreement can be extended intaifte-time concentrations of

| (discussed previously. In thefighttime profile for June 2%, 2005 Picketet al.

(2006) show concentrations within the same range of values, suggesting that at higher
altitudes there may not exist a large diurnal variation in ground/stat®ncentratias.
Pickettetal.( 2006) al so suggest t h{(ssemsunaffectech g A

by the absence of sunlighto.

With the nature and variationsof ground statd ( in the upper atmosphere now

explained it remains to discuss the nature of vibrationally excited hydroiyl
3.3 The Vibrationally Excited Hydroxyl Radical "E °

Figure 3.7, from Roach and Gordon (1973), shows the emission intensities of the
principal upper atmospheric emitters as a function of wavelength. The atomic oxygen
red, green and blue lines contributing to the Aurora are easily identified as well as the
yellow sodum D doublet which contributes to the nightglow. However, the’
vibrationrotation bands, labelled ( Y0 in the figure can be seen to dominate the

total night-time emission.
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atmospheric missiongRoach and Gordoh973).

These emissions occur whén(*, within a particular vibrational levelundergoes a
radiative transition releasing a photon. There is only one pos3ible w radiative
transition, denoted b§ , which occurs wheh (* U ), the highest vibrational state
allowed by reaction20® , decays td ( in the ground state and releases a photon with
a wavelength of approximatety x it i corresponding to an energy of approximately
o® A6

There are subsequently two possibf®@ radiative transitions, each denotedsy
which occur whert (" 0 w decaystd (‘0 p andwhen (* 0 ( decays to
/ (in the ground state. This pattern continues with three pos3ble X radiative

transitions ando on.

The curved lines joining each vibrational transitidf , and forming the vibrational

rotation bands shown figure 3.7, are also important features of the emissions and can

be seen to follow a Boltzmann distribution curve. This is most evidghe YU ¢

band where the peak in the distribution is visible. The shape of these curves results
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from the fact that the population of the rotational states within each vibrational state
follows a Boltzmann distribution and the subsequebtationrotation transitions frm

these states form the observed bands.

Figure 3.8 shows a night sky spectrum from Sheen and Byun (2004) with numerous
features which fall into the visible range of the EM spectrum. Again, the oxygen and
sodium lines can easily hdentified as well as a number of additional sodium and
mercury line emissions from street lamps. On the rightFigure 3.8 is more
qualitatively shown a number of vibratiwatation bands for a set bf(* transitions
spanning a wavelength range frgnm 1 w 1 TWwTt The individual vibratiosrotation

transitions described above are evident within their respective bands.
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Figure 3.8: Emission intensity as a function of wavelength for/th€ radical at Mount

Bohyun(Sheen and Byur2004).

The selection fes governing these vibratigotation transitions will be discussed in
subsequent sections of this chapter. Howewa@r overview of the typical features

associated with (* will be presented first.
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Figure 3.9, from Baker and Stair (1988) shows a numbgprofiles obtained from
rocket measurements of the(® volume emission rate (VER) between January and
March of 1975 and July of 1977.
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Figure 3.9: Multiple volume emission rate profiles recorded by rocket experiments
(Baker and Stajr1988).

118



Chapter 3: The Hydroxyl Radical (

These masurements are broadly representative of the altitudinal profiles bf (fhe
bands which vary significantly with location, time of day, and time of year. Baker and
Stair (1988) provides a detailed account of a number of these variations after examining
overuv taltitudinal profiles obtained frora trocket experiments at varioustitades,

local times, and times of year.

Figure 3.10from Liu and Shepherd (2006) shows further examples of typical volume
emission rate (VER) profiles for the (" ¢ o band in the nightglow recorded by the
Wind Imaging Interferometer (WINDII) instrumentnd oar d NASAOGSs
Atmospheric Research Satellite (UARS). These profiles were obtained at three different
locations and local times on August™29992 and have been fitted with a Gaussian

function so that the altitude of the emission peak can be datm
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Figure 3.10: Examples of volume emission rate profiles of th€ nightglow emission
as observed by WINDII. The curves are obtained from Gaussian fitting (Liu and
Shepherd, 2006).

At all three locations there is a layer/of(" which varies sigificantly with location and

time. Using ovewn fit 1t profiles obtained from the WINDII instrument, over the
course ofp years between 1991 and 1997, Liu and Shepherd (2006) determined an
empirical formula to calculate the peak height of the emission fegtr the integrated

emission rate which varies with changes in the concentrations of atomic oxygen.
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While these emission profiles only depict a small part of the overall emission spectra it
can be seen clearly that An(* airglow layer exists at altitudesurroundingp X I.

This raises two fundamental questions:

1) Why is there at (* layer at these particular altitudes?

2) Why is/ (* such a dominant emitter in the night sky?
3.4 Production and Loss of'EE’

In this section the first of these questions will be answered. An account of the origins of
this layer will be given and the reasons why this layer exists at this particular height will
be presented. The second question will theadaktessed at the enéithe section

| (* photochemistry is governed primarily by atomic oxygen. The production(of

within the mesopause region of the atmosphere is controlled by the reaction

( / 9/ (C0 @ w [/ 8
(R3.1)repeated here
This reaction produces (© in multiple vibrational levels typically assumed to be
betweenb @ . The proportion of (* in each of these levels is governed by
associated branching ratios aseleralsets of these branching ratios exist (Klenerman
and Smith, 1987; Steinfeld, 198@hoyamaet al.,1985). The values in each set differ
although there is consensus that the majority ¢f produced ¢ # will be in

vibrational state® wandv .

Reaction R3.1depends significantly on the amount of ozone available within the region

of the atmosphere. Ozone is produced by the reaction

(R3.4)
where- represents both and/ (Melo et al.,2000).

The amount of (* within the mesopause is therefore proportional/to/ - , or
effectively / - . Thus/ (* is linearly dependanbn/ and has a squared
dependence oh and. . Figure 3.11 shows a typicahighttime atomic oxygen

profile as well as a typical atmospheric density profile which has been divided by 1000.
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Typical [O] and [M] Concentration Profiles
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Figure 3.11: Concentrations of and - 7p 1 tshowing altitudinal layer where (*

can optimally be produced.

It is evident fromFigure 3.11that this lineaf dependence and squarediependence
results in the creation of layer, centred at approximape}§ i, within which the
production off (* is maximized (Melo et al., 2001). This layer forms at the lower
boundary of the atomic oxygen layer in the atmosphere. Within the layeis highly
sensitive to changes In at its lower boundary sincthe concentration of is the
limiting factor for/ and hencd (* production. The upper boundary is more sensitive
to changes i and. concentrations which are decreasing exponentially with
increasing altitude.  This explains the altitudinal location of th¢ layer.

Investigations of these sensitied will be presentesh Chapter 4.

Additional sources of (© production have also been considered. Debate over the

possible contribution of the perhydroxyl reaction

(/I 1971 Co ¢ |/
(R3.5)

to concentrations of (* in the lower vibrational levels andrdt proposed in Breig

(1970) still exists, although its contribution is considered negligible by the majority of
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the scientific community today. For this thesiss reaction is considered to contribute
to the concentration of ground state hydroxyl only

The loss off (* is much more complicated as chemical, radiative, collisional and
quenching loss terms need to be considered. The chemical 16s€ &f governed
principally by the reaction

(R3.6)

for which the reaction rate is not well known. The model of Makh&iudl. (1995)
suggests a value @fuv p ™ A [ 7Owhile Smith et al. (2010) suggest a slower
reaction rate 06 p m A1 FO FurthermoreSpencer and Glass (1977) suggest that

there is a \brational level dependence on the reaction rate.

Collisional deactivation and quenching/of(* occurs through reactions involvirig
and.
I ¢CO0 [ o/ (U /
(R3.7)
I ¢ . 91 (C0 p

(R3.8)
whereU denotes an initial vibrational level andelenotes a final vibrational level. The
different notation within these two reactions stems from the fact thest much more
efficient at collisional deactivation with (* than. . Collisional deactivation with
can be either single or mufguantum while deactivation through collisions withis
considered to be single quantum only. The reaction rates of-Glolelen (1997) are

typically utilised for these reactions although adjusted rates are available eh 2{u
(2012).

Quenching also occurs via

I (0 1o/ ( /8
(R3.9)

122



Chapter 3: The Hydroxyl Radical (

In this reaction eveh (© in the high vibrational levels is quenched immediately in the
collision. It is therefore considered a pure quenching reaction rather than a stepwise

collisional deativation reaction.

The final contribution td (* loss is throughhe radiative emission&hich makeup the
airglow features. These can be expressed as

I COO/ (U ‘w8

(R3.10)

Emissions are typically muljuantum for the high vibrational levels andhgie
guantum at the low vibrational levels and are governed by the inverse radiative lifetimes
or associated Einsteifs coefficients. Large uncertainties also exist in these values as
the values obtained are highly sensitive to electronic dipole momeatidn used in

their calculations. Multiple sets of coefficients exist (Mies, 1974; Qutrand Lowe,

1988; Nelsoret al.,1990) which vary substantially.

Figure 3.12 shows a basic diagrammatic representation of these production and loss
mechanisms tit has been modified from Baket al. (2007). While simplistic this

figure does give a good overall impression of the photochemistry involved.
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0+0,+M=~0,—

Figure 3.12: Diagrammatic representation of the(" production and cascading paths
(Bakeret al.,2007).

In order to answer the second quesiimsedabove it is necessary to consider both the
number density of the individual vibrational state¢ of governed by the production

and loss terms described in this section and the transition probabilities associated with
each of these states. For a complete consideratiomre detailed account of the nature

of the hydroxyl radical is requiredgtartingwt h a di scussion of t

levels.
3.5 "E€ Energy Levels

As mentioned previously, this thesis focuses primarily on vibrationally excited hydroxyl
within the mesopause. The mesopause region of the atmosphere, and its characteristic
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features, have been discussed @hapter 1. It remains necessary to discuss, and

distinguish, the different energy levels of th€ radical.

Given that the hydroxyl radical is a diatomic molecule, the total energy of the molecule
can be described as a functiointhe potential and kinetic energies of both the electrons
and the individual nuclei, ignoring both spin and any magnetic interactions (Herzberg,
1989). Thereforewhile two individual and isolated atoms have three degrees of
freedom, each specified liieir motion along their three coordinate axes, a diatomic
molecule has six degrees of freedom. Three of these degrees of freedom describe the
motion of the centre of mass of the molecule along the three coordinate axes and hence

describe the electronimergy states associated with the molecule.
351 Electronic Energy Levels

The electronic state of a diatomic molecule is typically described by the quantum
numbery, which defines the orbital angular momentum of the molecule along the
internuclear axisx¥ is denoted by the ek letterd h Fe8, in a similar manner to the

308 notation used in atomic physics when describing the orbital angular

momentum 0 of an atom (Herzberg, 1989).

Unlike in atomic structure, where electrons are said to nmoaespherically symmetric
field around the nucleus, the electric field surrounding a diatomic molecule is only
symmetric about the internuclear axis. As a result, only the component of orbital
angular momentum projected along the internuclear axis, eyt 0 , will remain

constant a® precesses about this axis, showFigure 3.13from Herzberg1989).

=

—— A —

-
I
I
I

Figure 3.13:Precession of the orbital angular momentuabout the internuclear axis
(Herzberg, 1989)
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0 , as in atomic physics, can take on any of the vdlues O h 0. However
since it remains constant, unlike it therefore makes sense to describe the electronic
state of diatomic molecules in termsf srather tharb. 9 Sis therefore giverits

own quantum number and can take on the valueswf $ s TipltM8 M. As
previously stated is then denoted by ther€ek letters h he8

Since the electronic state$sf8, corresponding ta& ) s plghB M), can take on

the values ¥ andz ¥, andsince a change in sign @f Sonly denotes a reversal of the
direction of motion of the electrons within the electric field, for which there is no
change in energy, these states are referred to as doubly degenerate states as they are
states of the same emgy.

In order to fully describe the electronic state of a molecule it is important to also take
account of the contribution to the angular momentum resulting from electron spin. In
atomic structure this contribution is described in terms of the quamtuniber Ywhich

can be either an integer or half integer number depending on whether the total number

of electrons within the atom is even or odd, given that electrons are fermion particles of

spin-.

Within thet electronic stateSyremains unaffectk by the electric field provided the
molecule is not placed within an external magnetic field, or exhibits any rotary motion.
For all other electronic states there will be a precessiévabbut the internuclear axis

as a result of the internally genexa magnetic field within the molecule. In a similar
fashion to what has been described previously for the orbital angular momévtam,

a constant component projected along the internuclear axis given by the quantum
numberd . This component of thepin angular momentum is typically denoted by the
quantum number and should not be confused with the molecular electronic istate
denoted by the same greek letter. The allowed valuesuaft Y8 h Y

The total angular momentum along the inteteacaxis can be determined by summing
the orbital and spin components resulting in the new quantum number

Mathematically this can be expressed as

m & s
(3.1)
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wheremdenotes the total angular momentum along the internuclear axis.

All electronic stées for whichy T1Usplit into¢Y p states each of which have
different possible values of) and thereby result in molecular electronic states of
somewhat different energies. The number giveqWy p is defined as thenultiplicity

of the electronic state.

To this point only the components of the angular momentum projected along the
internuclear axis of a diatomic molecule have been discussed. It remains to determine
the total angular momentum of the moleculewhich is givenby the resultant of the

three components of angular momentum i.e. orbital, spin and rotational. This rotational
term, referred to as the nuclear rotational angular momentum, lies perpendicular to the

internuclear axis and is denoted by the ldfitemdthe total angular momentum is given

by
L m 08
(3.2)
Relating all of the above to thle( radical, which has spinY -as a result of its

single unpaired electron, the lowest electronic state is giventbwherec is the

multiplicity of the state and gen byc"Y p. The ground electronic state /of( is
thereby a doublet state for whittcan be either -. Using this information the two

ground states df ( can be identified througBquation 3.1as

m $ ts p = L_
(3.3)
mos o4s p oo U8
(3.4)
3.5.2 Vibrational Energy Levels

Referring back to the six degrees of freedom available (fothe fourth describes any

vibrational motion along the internuclear axis and hence the vibrational energy of the
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molecule. The focus of this thesis is primarily on vibrational transitions within the

ground electronic states.

Since the overall energy of the molecule is typically lower than the sum of the
individual atomic energies this leads to an energeticalblestsystem. A graph of the
potential energy of a typical diatomic molecule in its ground electronic state is shown in
Figure 3.14from Thorne(1988).

Figure 3.14: Vibrational energy of a diatomic molecule whéreand'Y are the

classical turning pats for vibrational energ® (Thorne, 1988).

The internuclear distance, denotedYy represents the nuclear separation of the lowest
energy level and corresponds to the average internuclear separation, or in the case of
| (, the average distance betwwn the hydrogen and oxygen nuclei. According to
Newtonian mechanics, should the internuclear distance differ ifgnthe molecule

will be forced back to its equilibrium position (Brode, 1958). This forcing will cause
the molecule to overshoot the dduium position from which point on it will oscillate

about the position.

The Morse potentiak an empirical expression that is used to approximate the potential

energy function of a diatomic molecul&iven below as
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w O p Q
(3.5)
whereO is the depth of the potential welbis the displacement of the nuclei from the
equilibrium position anf is a constant, the Morse function approximates the potential

energy function of a diatomic molecule. If the displacement is small then thigipbte
can be expanded as

(3.6)

which, at least to the first order, is the potential associated with a simple harmonic
oscillator. Using this function as the potential in the Schrédinger equation yields only

certain physical solutins with energies given by

o o 2
C

(3.7)

where0l is the classical frequency of the oscillator and the vibrational quantum
number . Solving Schr°dingerés equation
first term in the expansioteads to vibrational energy levels given by

o » v O® v

P P
S S

(3.8)

wherew is a small, positive number referred to as the anharmonicistaotiThorne,
1988). With the introduction of this terrthe vibrational energy levels come closer

together with increasing as shown irFigure 3.15from Chang(1971).
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Figure 3.15: Potential energy curve for a diatomic molecule illustrating theedsog
distance between energy levels for increasin@Chang, 1971). The dotted line

represents the potential curve of a harmonic oscillator.

With the above information it is possible to calculate the energies of the lowest
vibrational energy levels fdr (*. Figure 3.16from Krassovskyet al. (1962), shows
the potential curve of hydroxyl in the ground electronic state in units of reciprocal
centimetres. To the side are displayed the equivalent vibrational level enedyiésin

the wlowest vibrational states of (.

G(v), cm-' NG
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Figure 3.16: Potential curve of the ground state/ of using the RKR method presented
in Krassovskyet al. (1962) with the corresponding vibrational energy levels for
I (VU p w.
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Looking at the different energy levels shown it is clear that any downward transitions
between two vibrational levels 6f (* will produce photons with energies ranging from
approximatelyr@® (b to o' (b given by the difference in energy between the two
vibrational levels. Y0 p transitions will release photons with energies of
approximatelyr® (b and thus with wavelengths of approximatelyi falling into the
infrared region of the electromagnetic spectrum. Larger transitions si¥th ag will
prodwce photons with energies of approximatelXb and with wavelengths of

approximatelyr@‘ | crossing into the visible portion of the electromagnetic spectrum.

Figure 3.17 from Roach and Gordai1973)(identical toFigure 3.7 but repeated here
for the r ead,shodssthe enire wasatengehmaage pver which vibrational

transitions withid  (* occur as well as some additional features of the night sky.

10 T 1

—

| T i T

01 5577

S
(9]
| I
=] 3|
.
®
,Z
/I{
| |

AURORA o

@ 3

S — I © ® —
> HERZBERG o

> 3 BANDS :

N i | .
= ASTRONOMICAL

O L AG .
o

0

=

) —

(8) A,
Lo
I (77/‘ -
[~ & Gr ®:-0; ]
3 <8>,/ Liom}
S

] 3. % % FNn 1 | |
02 03 05 10 2 3 5

WAVELENGTH ()
Figure 3.17: Emission intensity as a function of wavelength for the principal upper

Ol -

atmospheric emissiorfRoach and Gordori,973).

131



Chapter 3: The Hydroxyl Radical (

3.5.3 Rotational Energy Levels

Thus far only pure vibrational transitions between different vibrational levels(of

have been comdered and the possibility of any rotational transitions which may also
occur has been ignored. Rotational transitions also occur Witliirand it is often the

case that simultaneous vibratiostation transitions occur. It is therefore important to
understand these transitions despite the fact that-fheribdel developed will not have

the capability to distinguish between pure vibration and vibrattetion transitions.

This rotational energy is described by the two remaining degrees of freedom of
which express the rotation of the molecule about the two axes perpendicular to the

internuclear axis.

If the/ ( molecule is considered, for simplicity, to consist of two ma&seandd
which are joined by a rigid bar of length and the whole sysm rotates about an axis

through its centre of mass, the moment of iné@hout this axis is given by

0 'Y
(3.9)
where’ is the reduced mass of the system given by
: aa Ta a 8
(3.10)
According to classical physics the energy of this systan be determined from
P.
c (&)
(3.11)

wherg is the angular velocity at which the system rotates. Substituting this potential
into the Schrodinger equation leads to solutions for the rotational angular momentum.

If Ois used to designate the rotatal angular momentum quantum numbers, then the

allowed values of angular momentum are given By0 p 2 or

"E 2&
(3.12)
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for integer€, as described in Woodgate, (1980), wherdeas the usual meaning of
Pl anckds cong't @ngt . @he wiatbmaldenebgy eigenvalues, denoted
by O, are then given by

. p..
@) C_é)u po8
(3.13)

Given that only certain energy values and angular momenta of the rigid rotor are
possible it also follows that only certain frequencies due to changetational states

are possible. Furthermqrhe allowed emission frequencies agstrictedby quantum
mechanical selection rules which limit transitions between certain states. This is
expained in more detail in Thorn@988).

3.6 "EE © Spectra

Spectra produced as a result of energy level transitions within atoms and molecules are
known to fall into three separate regions of the electromagnetic (EM) wpecifhese

three regions namelythe visible, infrared and microwave regions of the spectrum
correspond to the three types of energy level transition possible; electronic, vibrational
and rotational. Generally it is found that electronic transitions fall into the visible,
vibrational transitions fall into the infrargavhile rotational transitins fall into the

microwave region of the EM spectrum (Thorne, 1988).

Given that differences in the vibrational energy levels are much larger than differences
in the rotational energy levels, it follows that vibrati@tation transitions also fall into
the infrared region of the EM spectrum. Theref@a&ch pure vibrational transition is
surrounded by a band, known as a vibratiotation band, in which all possible

vibration-rotation transitions are accounted for.

Figure 3.18from Sheen and Byu(2009) (is a repeat ofFigure 3.8 included here for
the convenience of the reader) shawsnerous features which fall into the visible range
of the EM spectrum in the night sky. On the far right of the figure are the vibration
rotation bands for a number of differént(* transitions spanning a wavelength range

frome T T TT TWTT
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Figure 3.18: Emission intensity as a function of wavelength for th€ radical at

Mount Bohyun (Sheen and Byuz()04)

Figure 3.19shows a diagrammatic representation of the first four rotational levels for
two separate vibrational states/of” and can be used &xplain these featuresf the
vibration-rotation band¢Thorne, 1988).
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Figure 3.19:Vibration-rotation bands (Thorne, 1988).
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Thevaglenotes an upper vibrational initial state aseltenotes a lower vibrational final
state. The numerousvalues deate the rotational levels for each of the vibrational
states while the vertical lines represent vibratiotation transitions between the two
levels. The dotted vertical line in the central position of the diagram represents the pure
vibration transitionbetween the two states. This corresponds to the wavelength
characteristic of the difference in energy between the two vibrational states involved in
the transition when there is no change in rotational state. At the bottom of this figure a

representatio of the resulting vibrationotation band spectra is also displayed.

FromFigure 3.19it can be seen that on either side of the pure vibration transition there
exist a number of possible vibratiootation transitions. According to quantum
mechanics noall transitions between different rotational states atewed The
selection rule placed on these rotational transitions by quantum theory is given as

Yo 0 0 Th p8
(3.14)

Thorne(1988) provides more details on how these selection rules avedleri

With the above selection rule in place three branches within the vibratiaton band

are formed. Each are denoted by a different letter and correspond to the three different
possible values af0. The pure vibration transition resulting in deange of rotational

state YO 1t is referred to as the-@ranch. Vibratiorrotation transitions resulting in

a Y0 p change in rotational state are referred to dsradch transitions, while
transitions resulting in %0 p change in rotational statee referred to as-Branch

transitions.

P-branch transitions exhibit slightly lower frequencies thabr@nch transitions and
therefore higher wavelengths while-dRanch transitions exhibit slightly higher
frequencies than @Qranch transitions and lowewvavelengths. These features are
illustrated inFigure 3.19 Furthermorgsince the populations of the rotational states
follows a Boltzmann distribution this explains the shape of the emission curves

displayed inFigure 3.17.
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3.7 The Dipole Moment

Thus far this discussion has been limited to the different types of transitions that occur
to make up thé (* spectra. A more detailed analysis of the spectra requires a more
detailed explanation of the dipole moment and radiative transitions probabilitie

associated with the ( molecule.

The important role played kipe/ ( radical in various physical and chemical fieldss

been discussed alreadyGiven its highly reactive nature, expeental studies of this
molecule and its characteristibave alwaygroven to be somewhat challenging. In
particular, studies designed to determine the exact electronic dipole moment function
(EDMF) have proven difficult. These difficulties are related to two particular properties
of the/ (radical and are explained irethil in Nelsonet al. (1990). Only a brief

summary of these properties will be provided here.

The first property which makes studies/of” complicated is the very nature of the

/ ( transitions. / (* exhibits rather intense overtone, or mutiantum,transitions.

This is reflected in the values of the thermally averaged Einsteefficients of (“h

the determination of which will be explained 8ection 3.9 A sample set of these
coefficients at; 1t #tis presented iffable 3.1(Mies, 1974).

Leeg be‘e l‘)E‘E’ l‘)E‘E’ D‘ l‘)‘ be‘e Total

U p 0 ¢ U O v 0 O @

1 |20.15 Units:O | 20.15
2 |25.24 14.07 39.31
3 |20.90 39.93 0.920 61.75
4 |12.35 72.61 4.29 0.079 89.23
5 |4.47 108.4 10.62 0.392 0.050 124.0
6 |2.347 1415 20.99 1.274 0.053 166.3
7 19.142 163.4 37.32 2.907 0.183 213.0
8 | 25.84 166.8 60.84 5.67 0.569 0.030 259.8
9 |50.65 146.6 90.28 10.81 1.189 0.130 299.7

Table 3.1: Thermally averaged Einsteif coefficients O

(1974).
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As shown inTable 3.1,/ (* transitions from higher vibrational states are predominately
overtone or multquantum transitions witha0 p . The lower vibrational state
transitions are predominately fundamental or shgglantum transitionsa0 p .

This results from the fact thtte EDMF has a large curvature in the proximity of the
radical 6s equilibrium bond | ength, or ntu
near thad ¢ outer classical turnig point of the potential curv@elsonet al., 1990).
ThereforeY0  p transitions are much stronger than would usually be expected from a

typical diatomic molecule.

The second property of (to make studies arduous is its strong rotational dependence
which can bedivided into its vibrationrotation interactions as well ags spin
uncoupling effects. Both of these strongly modify the transition stieras a function

of rotationNelsonet al.(1990).

While it has already been mentioned that has a large permanent dipole moment with

a value of approximatelyg $ the vibrational transition dipole moments for(* are in

fact rather small, with values typically betwemst p T8t &. Since the vibration
rotation interaction causes a small amount of the permanent dipole moment to be either
added to, or subtracted from, thansition dipole moment even a modest amount of
rotation can lead to destructive cancelation of a transition dipole moment. This can

substantially alter the intensity 6fand'Y branch transitions.

Furthermore since/ (has a large rotational constax p @ pA |l  (Nelsonet al.,

1990), the spin uncoupling effects, which are very stronggpendent, are large even

for low values ofb. This effect increases with increasingnd can be thought of as a
transition of the molecules electronic alegumomentum coupling scheme. Wheis

| ow Hu n d dnswhichamneis sthongly coupled to the internuclear axis applies.
However asvincreases, the behaviour of the molecule changes and an intermediate
form of Hund6s c as ewhighthe apth isldampletedlysincauplesiéo B,
the internuclear axis, becomes more applicable. These different angular momentum

coupling schemes are representeBigure 3.20(Berdyugina and Solanki, 2002).
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Figure 3.20: Angular momenim schemes describbdy Hunddés case A (
case B (b) for a diatomic moleculetihin an external magnetic fiel@erdyugina and
Solanki, 2002).

Within Figure 3.20H u n dases A and B are illustrated when a diatomic molecule is
placed in a magnetic field. The molecule itself is represented by the dark dumbbell
shape while the direction of the magnetic field is giveriy¥R Y& j1i, andoall

have their usual mearys described irBection 3.5.1 The remaining componenis

and'Y represent the projection of the total angular momentatong the magnetic field

and the angular momentum of nuclear rotation respectively. Dashed ellipses represent
the precession athe individual components making up the total angular momentum
vectorl. The solid line ellipse represents the rotation of the total angular moméntum
when placed in a magnetic BSAatHHB aswelFasa t he
more inrdepth explanation of the spin uncouplingfexts is presented in Herzberg
(1989).

The result of these combined effects is a significant alteration of individual vibration
rotation transition probabilities which can vary substantially even within a particular
vibrational band. Thus the vibrational bands are, at best, poorly described by a single
Einsteind coefficient. Thousands of individual transitions strengths are necessary to

fully describe the vibratiomotation bands of (°.
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3.8 Determination of the dipole moment

Despite the difficulties described in the previous section, there have been numerous
attempts to accurately calculate the EDMF /of and the resulting Einsteii\
coefficients. Thesare necessary factors when attempting to accuratelyelntbe

behaviour of (°.

The first experimental determinations of th€ dipole moment were performed by
Garvin (1959),Garvin et al. (1960), and Murphy(1971). Both of these groups
determined empirical dipole moment functions from the relative intensities of different
/ (* transitions originating from the same vibrational level. Howetleese early
efforts ignored the rotational depemde of the trangons. Garvin(1959) and Garvin

et al. (1960) have since been shown to be in error after conflicts between their data and

Krassovskyet al.(1962) emerge@Turnbull and Lowe, 1988).

Meyer (1974) and Stevenst al. (1974) both calculated theoretical dip moment
functions. Mies, (1974) subsequently employed the function of Stevex. (1974) to
calculate th&/0 p v/ (* transition probabilities for vibrational levels p ®

with rotational levelss 1@ p &. These transition probabilitieaere for many
years regarded as t he dthlel990), aadsazeistill aviddlye v a
used in studies df (.

Langhoff et al. (1986) published new transition probabilities based on the theoretical
EDMF of Werneret al. (1983) and repeated theopess in Langhofét al. (1987) and
Langhoffet al.(1989). Concurrently, Turnbull and Low 988) presented an empirical
dipole moment function determined from measurements of the relative intensities of

different/ (* transitions from the same vibrat@rstateY0  p.

Nelsonet al. (1990) provides what is possibly the most succinct summary of the history
of the/ (* electric dipole moment function determinations up to its time, before
calculating their own dipole moment function and subsequently Binstepefficients.

The dipole moment function of Nelset al. (1990) was later utilised by Goldmanal.

(1998) to both extend and update these individual line parameters after developments
and advances in the technology available for the study of emmrglytransitions and

intensities.
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More recently, Cherepand2003) presents a new electronic dipole moment function
for the/ (radical in the form of a piecewise continuous function which compares very
well to the calculations of Langhaodt al. (1986), Langhoftt al. (1989).

The determination of thé ( electric dipole moment function is by no means a
completed task despite the obvious similarities between many of the previously
calculated functions shown Figure 3.21 This figure comparethe EDMF functions

of Turnbull and Lowe (1988) (solid line) with thoseStevenst al. (1974)and Werner

et al.(1983).
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Figure 3.21:Comparison of the dipole momefminctions of Turnbull and Lowg1988)
(solid line)with those of Steveat al.(1974)(left) and with Werneet al.(1983) (righj.

Further work remainto be completeds even slight variations in the EDMF can lead to

large variations in the calculated Einstéigoefficients.
3.9 Determination of the Einstein A Coefficients

Having determined the electronic dipole moment function, the Ein&teaefficient for

a particular transition between two vibratimtation levels can be calculated from
et

oQgL p 515
15
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where Y Is a matrix element and is the integral of the product of the vibration

rotation wavefunctions of the initial and final molecular states and the EDNRbull,
1987) This is given as

(3.16)

and is often represented by

Wos i DUQ
(3.17)
in various publications including Langhddt al. (1986), Turnbull (1987), and Turnbull
and Lowe(1989). U and U K represent the vibrational and rotational quantum
numbers of the upper amalwer states respectively, whilerepresents the wavenumber

of the transition." i is the EDMF andY s a line strength factor.

This line strength factor is based on the concepesented in Hill and Van Vleck

(1928) who established the trg for determining the line strengths for doublet
transitions in which the electronic angular momentum coupling scheman is

i ntermedi ate form of d3aB didefaciora solged werea n d |
calculated by Kovacs (196@nd wee further modied by Turnbull(1987), for ease of

use after Langhofiet al. (1986), showed that the theory was accurate for the six

principal branches of the Meinel system.

The EinsteinA coefficients for vibratiorrotation transitions of (* using the various
published forms of the EDMF have been calculated numerous times (Mies, 1974;
Langhoffet al.,1986; Turnbull and Lowe, 1989; Nelsen al., 1990; Goldmaret al.,

1998). Despite these attempts substantial differences in the published figures of

EinsteinA coefficients stillremain

In all cases, as a result of the strong rotational dependence described previously, the
transitional probabilities within individual vibrational bands vary significantly. The
transition probabilities therefore cannot be represergethe product of a vibrational
band strength and rotati onal |l ine sstre
presented in each publicatiGhurnbull, 1987).
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To expect a @ model to calculate for thousands of individual vibratiotation
transitions, each with different transition probabilities, would be foolhardy. It is
therefore necessary to limit the scope of this thesis to the comparison of individual
vibrational band strengths and lifetimes only. This is accomplished through the use of
thermally averaged Einstein coefficients, which can accurately describe the behaviour

of the different vibrational bands.

Using the individual transition probabilities for the vibratiatation transitions, while
assuming a Boltzmann distribution existshe populations of the rotational states, and
defining a rotational temperature, denoted ¥y the thermally averaged transition

probabilities for individual vibrational bands Usean be calculated as

. . GCL p @O 0
° O FTow APy —
(3.18)
where
. , @O 0
o0 Y QGO pADBD—T—
(3.19)

and is defined as the rotational partition function fortha level (Turnbull, 1987)
The thermally averaged Einsteincoefficients are presented in thight handcolumn
of Table 3.1

Rel ating all o f t he above /b(asack a Hominanth e i
emitter in the night sky?0 it can be se
distribution ¢/ (*, governed principally by the concentration of atomic oxygen, and
the large EDMF associated with(“, which leads to high transition rate probabilities in

the EinsteinA coefficients.
3.10 Diurnal Variations in "E °

Since their discovery the Meihbands have been probed through the use of ground
based observations (Takahashi and Batista, 1981; Johnston and Broadfoot, 1993;
Mulligan et al., 1995) rocket measurements, (Krassovsky, 1962; Mcleadé, 1987b;
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LopezMorenoet al.,1988) and satellitebservations (Le Texiest al.,1987; Conway
et al., 2000; Pickettet al., 2006; Bakeret al., 2007; Englertet al., 2008; Gaoet al.,
2011; Xuet al.,2012) to name but a few.

Concurrently a number of theoretical mets have emerged which atteniptexplain

the properties of, and variations in, the(* nightglow profiles recorded by these
various experiments. Thell, time dependant, metl of Battaner and Lope¥loreno
(1979) is one such model and has been used to deduce average propertiés(in the
airglow layer as well as to investigate average diurnal variations in the emissions of the
first 9 vibrational levels of (*. Results from this model have been shown to be in
good agreement with results from rocket measuremerits(oemnissions preseed in
Krassovsky(1962).

Figure 3.22shows a typical diurnal variation in the fitsvibrational levels of (* as

predicted by this basic model.
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Figure 3.22: Concentration of (“in Al columns for vibrational levels p

]

versus local time (B&ner and LopeMoreno, 1979)

The sharp increase in emissions from all nine vibrational levels at approximafgelp O
local time can be attributed to increage@ production after sunset. This increased
production is possible because photolysis ofceases at dusk due to the drop in

incoming solar radiation within the Hartley bargdt o m [ . Since there is no

143



Chapter 3: The Hydroxyl Radical (

photolysis of/ during the night, more ozone becomes readily available for

production as atomic oxygen and molecular oxygen recombine.

The absence of incoming solar radiation during the night also impacts the fate of
photolysis and without continued photolysis /of the concentration of starts to
decrease as it produces”. The same can be said for the photolysi¢ df and the
concentration of . The rate of (° production over the course of the night therefore
slowly decreases and the number of emissions from the different vibrational levels starts

to drop as the population of the different vibrational levels slowtrehse over time.

At dawn,and with the return of incoming solar radiation, the photolysis of ozone once
again competes withand takes precedence over, the production/ of and the
population of the different vibrational levels decreases significaitlgpproximately

@ E Ol@zal time. The reduced levels of emissions fror(f between the hours of dawn
and dusk can then be alwted to the competing processof/ photolysis and (°

production for which the photolysis 6f has a much faster reaction rate coefficient.

While the above is broadly representative of the diurnal variatién(fremissionsit

should be noted that an increase in the emissions/fr¢iafter local midnight has also
often been observed (WigandWeill, 1973). This has been attributed to a number of
atmospheric features including variations in the atomic oxygen concentrations (Battaner
et al.,1977) and atmospheric tides (Petitdidier and Teitelbaum, 1977).

More recently, as a result of highlyvaohced satellite limb scanning techniques, more
insight into the diurnal variations df (° has been achieved which hamabled
significant improvement of computational models of the mesapa region. In
particular Ward1999) presents a simple model fanslating the diurnal variations in

the nightglow based on measurements from the Wind Imaging Interferometer (WINDII)

i nstrument onboard NASAOGS Upper At mosph
model attributes the diurnal variations/in(* intensities tadynamical effects associated

with the migrating diurnal tide.

Figure 3.23 showsresults from the model of War@d999) in predicting the volume
emission rate of the (* @ Y band at various local times over the course of a single

night during equinox contions. It can be seen that, at the equator, a maximum in the
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/ (* emission is achieved shortly after dusk, in line with the more basielnufd
Battaner and Lopeloreno(1979). It can also be seen that this maximum i tife
emissions near the equaiorthe early evening subsequently evolves into two maxima
in the early morning at the midtitude regions. This offers an explanation for the

various measurements of peak emissions occurring after local midnight.

20H 22H 00H 02H 04H

Altitude (km)
8 & 8 K

24020 0 2040 OH(9-8) Emission, (phcm *
0 s (99) (phiem ) Ward, GRL, 1999

Figure 3.23:Height and latitude da at different local times of the (* @  diurnal

nightglow signatures for equinox conditions (Ward, 1999).

While this model is successful in explaining the broad features frorh thew

band transitions observed by the WINDII instrument it shoeleshdited that this model
encounters problems calculatigigy-time volume emission rates (ver)Figure 3.24

shows the emission rates from this band calculated by the model Qveroarr period.

There are additional peaks in the emission duringdthetime at micHlatitudes which

have been deemed fAunreal i st i dagtimaresultsime p h

significant reduction in the intesity of this airglow mechanisfWward, 1999).

OH Meinel (8-8) Emission (R)

Local Time (Hrs)
Figure 3.24: Latitude and local time cut of height integrated diurnal nightglow

signatures from thé (* @ Y band (Ward, 1999).

Marshet al. (2006) expanded the investigation into the effects of the migrating diurnal

tide on/ (* emissions using data gathered from tABER instrument over the course
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of v wdays surrounding the March equinoxcoft Teqd using the ROSE-B chemical
transport model. By comparing the model predictions of ROSE with observational data
recorded by SABER, Marsét al. (2006) were able to showat the migrating diurnal

tide produced a significant enhancement in the equatorial emissibng afs also seen

in Bakeret al. (2007).

Figure 3.25 shows averaged VER profiles for(* emissions in the8t' i range
covering the/ (* w X and/ (" ¢ @ bands at two local times as well as the
corresponding temperature profiles at altitudes betweenp p &i. The strong
variability in the two/ (* profiles highlights the diurnal variation in emissions and the
importance of using data recorded at the samal lime when attempting to detect
seasonal variations in (* emissions. This will be discussed in more detail throughout
Chapter 5.
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Figure 3.25:SABER/ (* and temperatures profiles averaged from March te6May
19" 2002 a@®J. . Profiles are shown far gk (E Ol@xal time (solid lines) and
m o (E O@kal time (dashed lines) (Marsh al.,2006).

Figures 3.26and 3.27 compare observational data from SABERg(re 3.26 and
model data as predicted by the ROSE moB&jure 3.27) over the course of a single
night, near equinox, and at altitudesjoandw ok i. A number of similar features can

be identified in both figures.
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Figure 3.26: SABER/ (* volume emission ratepA A OTA® 7O at ¢ (£ | (left
panel) ando ¢k [ (right panel).
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Figure 3.27: ROSE model simulations of the (* emission pA A OTA® 1O at
W UE | (left panel) ando ¢k i (right panel) on 2% April, 2002 (Marshet al.,2006).

It can be seen that the emission rate is significantly higher duringighétime as
previously predicted in the models bbth Battaner and Lopddoreno (1979) and

Ward (1999). There is a clear enhancement in rilght-time emission rates at the
equator and local minima in the emissions at tlatitude. It can further bgeen in the
SABER observations that the sharp increase in emissions soon after dusk leads into a
gradual decline in emissions after midnight. This is due to the decreasing amounts of
atomic oxygen available fdr( “ production. This feature is not captdri@ the current

version of the ROSE model.
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Marshet al. (2006) attributed the equatorial enhancement in emissions to changes in the
atomic oxygen concentrations resulting from vertical transpaptit . At w ¢ | the
variation in emissions was attrited to changes in temperature and atmospheric
density, again as a result of vertical transport. It was concluded that the migrating
diurnal tide is the dominant cause of nocturnal variations in the emissiong afs the

vertical transport results frondal effects.

Studies of tidal features have shown that the diurnal tide is strongest during equinox and
weakest during solstice as well as stronger during the vernal equinox as opposed to the
autumnal (Fritts ad Isler, 1994 Burrageet al., 1995; Xu, 2004) showing correlation

with features from thé (* emissions.

Gaoet al.(2011) expanded the original data set of Maatshl. (2006) and looked at the
nocturnal variation in the (* intensities as measured by SABER over the course of 8
years. InFigure 3.28the nocturnal variation in the (* emissions in both the (* ®

7 andOH Yy  ¢rands, at equinox and solstice conditions, are presented. The dashed

white lines are representative of sunset and sunrise at an altitude of 100 km.
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Figure 3.28: Local time and latitude distributions of the(” nightglow intensities in
kilo Rayleighs (Gaet al.,2011).
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In Figure 3.28there is a sharp increase in the intensity of/th¢ emissions after
sunset and a sharp decline in th€ emissions at sunrise. This is consistent with what
has been presented previously. During the March equinox there is a clear similarity
between what has been recorded by the SABER instrument and in thepneatietions

of Ward (1999). At the equator ¢ne is a sharp increase in the amount df
emissions immediately after sunset which reaches a peak at midnight. As the amount of
/ (* emissions at the equator decreases after midnight, two new peaks in the mid
latitude regions o @ emerge at approximely T E O O 4. Thesimilarities between

the observations of SABER drthe model predictions of Ward (1999) amehanced
when looking at th&eptembeequinox. The peak in the (* intensities at the equator
occurs approximatelyg E Opfeeding local midight before gradually decreasing over

the course of the night until dawn. At this tithere is a sharp decline @missions.

From these model predictions and satellite observations, the basic diurnal profile can be
attributed to the competing processd¢ (° production, and photolysis during the
daytime. The absence @éf photolysis at night allows for increased concentrations of,
and emissions from, the first nine vibrational levels/ of . The more advanced
features of the diurnal variation avthe course of the night are accounted for by the
introduction of the migrating diurnal tide and its effects on the chemistry and dynamics
within the mesopause. It ielievedthereforethat the tidesaccount for the variations in

the nocturnal emissiorfeom/ (* at different latitudes
3.11 Seasonal Variations in'EE *

Seasonal variations in tiie(* emissions have been studied at great length (Takahashi
et al. 1977; LeTexieret al.,1989; Abreu and Yeel989; LopezGonzalezet al.,2004;

Gaoet al., 2011). Significant difficulties exist in the investigation of these seasonal
variations. For example, due to the diurnal variation in emissions, it is necessary to
carry out measurements at the same local time when looking for seasonal signatures.
This, combined with the latitudinal variation in emissions, effectively eliminates the
possibility of using rocket measurements to investigate these features. Ground and
satellite based observations are therefore necessary, both of which have their own
limitations related to taking measuremeexsinfraandex supra LeTexieret al.(1987)

and LeTexiert al. (1989) investigated the seasonal variatioh ii emissions using a
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2-D dynamical and photochemical coupled numerical model as well as satellite
measurerants from the Solar Mesosphere Explorer (SME) satellite. The seasonal
variations in the emissions predicted by this model were too weak when compared to
measurements. A low signrtm-noise ratio further limited the scope of satellite

observations to wiih ¢ @of the equato(Marshet al.,2006).

Sincethe latd9B 06 s ground and satellite based t
where seasonalbservatios can bestudied indepth. Thesadvancehave allowed for

detailed observations of the seasoralations i’ AT EOOQOET 1T O

One of the primary contributors to this wealth of data is the SABER instrument onboard
NASAOGs TI1 ME Drigwea3t2efiorh Marshet al. (2006) shows the seasonal
variations iV (* emissions from thé (" w x and/ (" ¢ ¢ bands at two local
times over the course ofayear period. The data presented here are monthly means

which have been binned according to local time and latitude.
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Figure 3.29: Observed seasonal variation in thg* emission rate atp ok | for
latitudes withinx®J of the equator. Data are monthly means of all observations that fall
within o 1t E TofX o oErO(§yuares) and v oEnO(tiangles) local time (Marsét al.,
2006).

A semiannual variation is visible at a local time@fo cErOvith peaks in the emission
appearing during equinox, and minima appearing during solstice. This variation is not
visible atrt v oErOehphasising once again the importance of using observational data

at the same local time when searching for seasonaltsigs.

Given the local time variation in emission strengths, in conjunction with the seasonal
variation, Marshet al. (2006) concluded that the variations in th¢" emissions were
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the result of changes in the migrating diurnal tides with local time ssagon as
opposed to changes in vertical diffusion resulting from seasonal vasait gravity
wave dissipatioras had been previously proposed by LeTexrieal. (1987). This
earlier proposal cannot easily explain the features obsefed. concluson is further

supported in more recent works such as Grgalasterydy. (2014).

Studies of tidal features have shown that the diurnal tide is strongest during equinox,
weakest during solstice and stronger during the vernal equinox as opposed to the
autumnal (Fritts and Isler, 1994; Burragéal.,1995; Xy 2004). This mirrors features

inthe/ (* emissions.

Figure 3.30shows plots of the seasonal variation in emissions at the same local times

but atu 3 of the equator.
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Figure 3.30: Observed seasal variation in the ( emission rate afp ok | for
latitudes surrounding y3. Data are monthly means of all observations that fall within
o1t ETof¢ dp 1E O@quares) andt gg E O@iangles) local time (Marslet al.,
2006).

The variation in emissions is quite similar at both local times. At these latitudes an
annual variation in the emission, rather than a semi annual variation, exists with peaks
occurring during May and minima occurring during December. The differences
betveen the two profiles from October to January within each year can be attributed to
increased rates d@f photolysis after sunrise in the early mornings of 8wuthern

hemispher@é s s ummer .
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Profiles of the emission at J. are quite similar to the prdéisin Figure 3.30except
that they are shifted by months as would be expected for tHerthern hemisphere

summer.

In these profiles the tidal features observe&igure 3.29are less evident. This is not
unexpected as the amplitude of the diurndé tdrops ginificantly at higher latitudes
(Marsh et al., 2006; Smithet al., 2010). An annual variation in the emissions is
observed and can be attributed to the mean meridional circulation. During the winter
the downward component of this circulatiomrdes atomic oxygen from the
thermosphere down into the mesopause. Given that the productiolf” afepends
heavily on the concentration bfwithin the mesopause it therefore stands to reason that
with increased concentrations/irthere is moré (° production and subsequently more

/ (* emissiongMarshet al.,2006).

The overall seasonal variations/in(* emissions resulting from the combined annual

and semiannual variations described can be sedfigare 3.31(Gaoet al.,2011).
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Figure 3.31:Seasnal variations if (* nightglow intensitiebetweerv @3A T WA .

latitudesin kilo Rayleighs (Gaet al.,2011).
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The data presented are averaged emission profiles binned according to local times
between ¢® and¢® E Oddd integrated over altitudes betweemw p mEIi. The
emissions are strongest at the equator over the course of the year. Within the
surrounding tropical region, the combined annual and-samial variations, produce
strong emissions during the sprinquenox. This corresponds to the approximate
location at which both the annual and semnual variations have their respective
peaks. A second strong emission peak emerges during the autumnal equinox.
However the magnitude of this peak is smaller asatresponds only to a peak within

the semiannual variation in emissions. Both of these peaks subsequently extend into
the summer hemisphere when approaching solstice up to approximatahylatitude.

These extensions should not be confused with siseondary peaks in the winter

hemisphere attributed to the annual variatioh ii emissions.

As the SABER instrument only gathers continuous year round data for regions within
approximately v U latitude, (Gaoet al., 2011), the scope of these observasids
limited to latitudes betweem @ andv @3. This means that the effects of the semi
annual variation are still visible at the outer boundaries of this plot but the annual
variation depicted in Marsbkt al. (2006) is not completely visible within the data.

The emergence of secondary peaks at approximatd$, surrounding dayp p 1

p T,7and subsequently 1. , after dayg X,ms suggestive of this annual variation.

The asymmetry within the seasonal profiles of both hemispheres should be noted.
Within the latitude range covered by these observations the mean intensity in the
Southern hemispherns at all times less than the mean intensity over Nbethern
hemisphere This can be seen in the peaks previously mentioneddat andv @3

with the peak in theNorthern hemisphersignificantly broader and more intense than
the peak in th&outhern hemispherelhis asymmetry can again be seefkigure 3.32

from Gaoet al. (2011) in which the latitude range of the June solstice profile has been
inverted. The purpose of this inversion is to align the seasons within each profile as

opposed to latitude.
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Figure 3.32: Latitude distribution of (* nightglow intensities at the June solstice and
December solstice. The June curves have beesrsedso that from left to right the
latitude axis indicates @3touv 1. for the December curves andd. touv 13 for

the June curves (Ga al.,2011).

This asymmetry within these profiles can be attributed to the asymmetry in the
temperature profilesf the different hemispheres and subsequently the asymmetry in the
/ and/ profiles. More details of these asymmetries can be found in Shephatd
(2004) and Xtet al.(2007).

3.12 Global Variations in "E °

It remains to discuss the global vaidass in/ (° emissions with respect to both
altitude, latitude and longitude. Global studies of the emissions depend entirely on
satellite technology. The first global measurements @fwere performed by the SME
satellite(LeTexieret al.,1989) The observations of this satellite have been discussed

earlier together witlthe limitations on the observational data provided by this satellite.

Since the SME observations a wealth of data in global measurements has been recorded

by:

1) WINDII (Wind Imag n g I nterferometer) onboard
Atmospheric Research Satellitélelo et al., 2000; Russell and Lowe, 2003;
Russellet al.,2005).

2) MLS (Microwave Limb Sound¢r onboar d NASAPRBickettétal.r a s a

2006).
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3) SCIAMACHY (SCanning Imagig Absorption spectroMeter for Atmospheric
CHartographyY) onboard ESAOs SETur ope
(Environmental Satellite)kaufmannet al.,2007; von Savigngt al.,2012b).

4) SABER (Sounding of the Atmosphere using Broadband Emission Radiometry)
onbmr d NASAOGs TI1 ME Bonogphdnedasonmhere BEmgatics
and Dynamics) satellitMarshet al.,2006; Bakeet al.,2007; Gacet al.,2011;

Xu et al.,2012).

5) SHIMMER (Spatial Heterodyne Imager for Mesospheric Radicals) onboard the
United States NRL(Naval Research Laboratory) STP3at(Spce Test
Programme Satellite IlEnglertet al.,2008).

Table 3.2 provides a summary of these satellites linking the name of the instrument
used in/ ( measurementdo the relevant satellifetheir observationsand papers

providing descriptions of their operation.

Instrument Satellite | Observation Paper Details
SABER TIMED I ¢ w x |Bakeret al.| 2002present
I C¢ @ |(2007) 60-180 km
/| Cv o 53] 82Jlatitude
I 1t ¢
SCIAMACHY [ENVISAT | / (" ¢ o |Kaufmann |20022012
I ¢ @ ¢ |etal(2007)|72-150 km
I (o p 1013 20J. (consistent
WINDII UARS /| C¢ o |Russell et|19912004
al. (2005) | 80-300 km
423 72]latitude
MLS Aura I ( Pickett et| 2004present
ground state | al. (2006) | 0-90 km
82]
SHIMMER STPSatl I ( Englert et| 20072009
ground state | al. (2008) | 40-100 km
57J latitude

Table 3.2 Summary table linking instruments and satellites associated /with
measurements discussed in this thesis.
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For the purposes of this thesthe SABER instrument provides the majority of the
observational data used in model data comparisons presentEthapter 4 and
Chapter 5. The observations of WINDII andC3AMACHY will also be discussed.

Figure 3.33from Zhang and Shephe(ii999) showshe results of measurements of the
/| ¢ ¢ o band emissions surrounding the March equinox (first row) and the

December solstice (second row)dbcal times duringg w woltained from WINDII.
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Figure 3.33: WINDII observations of the zonally averaged latitudinal and vertical
distributions at, f; &t ft &t 1€ Ol@ral time of the (* volume emission rates in
DET O 1 XOfor March/April 1992 fop row) and December to February 1993
(second row(Zhang and Bepherd, 1999).

The stucture of the emission layer is similar to tmedel predictions of War(1999),
despite the different vibrational bands considered. During equimgxeak in the
emissions develops within the tropical regions in the early evening at altitudes
surroundingp X I. The emissions subsequently diminish over the course of the night
until late morning where the earlier equatbpaak evolves into two sepepeaks in

the midlatitudes. The altitude of the layer remains relatively constant over the course
of the night.

Broadly speaking, similar features are observed during the December solstice. The peak

emissions again occur initially at the equatortte early evening. Howevethe
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magnitude of the emission is lower. During solstittee peak emission occurs at
approximately midnight before diminishing moreidly and evolving into two sepate
peaks in the midiatitude regions at an earlier local time than at equinox. Only a slight
variation in altitude is observed at solstice with a magnitude of gbiutbetween the

peak emissions in the southern &mtthern hemispherguring the earlynorning.

Figure 3.34shows the altitude latitude cross section of/thé w ¢ limb radiances
approaching December solstice conditionscfar Tes recorded by SCIAMACHY and
presented in Kaufmanet al. (2007). The plot covers thHgorthern hemispherep to a
latitude ofy tand measures the limb radiance in unit®d I Off 1AD 0.0

85

Altitude [km]

0 8 16 24 32 40 48 56 64 72 8
Latituda

Figure 3.34: Latitude and altitude cross section of thé" w ¢ limb radiances for
the period 18 November to 2% December 2005 in units @ET M 1@ OO
(Kaufmannet al.2007).

Similar features to those described previously are evidehinsmhe observations of
SCIAMACHY. The peak in radiance occurs over the equator and a secondary peak
occurs over the mithtitudes. Howevemwhile these peaks aremhlin to be concurrent
features in the nightglow radiance, predoplots from Zhang and ShephgtP99)

show these features to occur at different local times. FAgure 3.34 plots
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SCIAMACHY data, which has not been binned with respect to local time, cemturr

features within this plot are to be expected.

The overall global features in (* emissions are probably best presented in &aal.
(2011). Figure 3.35shows observational data on the altitude and latitude distribution of
/ (* emissions during botlequinox and solstice conditions. These data have been
binned according to local time betweeq® and¢® E Oadd averaged over a period of

Yyears.

March equinox June solstice

100 g

95 .

Altitude [km)

December solstice

Altitude (km)

40 20 0 20 40

Latitude Latitude

Figure 3.35: Altitude latitude distribution of/ (° nightglow emission rates in
p b ET OA T XO(Gaoet al.,2011).

The largest peak ih (* emissions can be seen, once again, to occur during equinox
conditions with the vernal equinox exhibiting somewhat more intense peaks than the
autumnal equinox. This can be attributed to annual and-a@muial variaons on the

/ (* emissions discussed in the previous section. The extensions of these peaks into the
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summer hemispheres up to latitudes of approximatetyare visible as are the

secondary peaks starting to formhah-latitudes within the winter hemiggere.

At all times the altitude range of the emissions covers approxinatefyl between

P 1T wE I. The peak emissions at the equator during equinox occur at slightly lower
altitudes than at other latitudes. During equinox the altitude of the layer remains
somewhat constant with latitude, while at solstice there is a clear difference in the
altitude of the layer with respect to latitude. This can be explained as the result of a
combined effect of mesopause photochemistry and the mean meridional circulation

introduced inChapter 1.

Within the summer hemisphere, increasectlewf incoming solar raation leads to
adiabatic cooling of the mesopause as it is forced into higher altitudes. At these heights
the atomic oxygen concentratigmofile increases with altitudap to approximately

p mEl. Thereforethere is an increase in the amount of production and hence

more/ (* emissions. Within the winter hemisphere the mean meridional circulation
forces atomic oxygen from the theremosphere down into the mesopause, causing
adiabatic heating of the meospause as it descends to lower altitudes. st ire
increased concentrations of atomic oxygen within the mesopause region and hence more

/ (* production and (° emissions.

These features can be identified in the June and December plots as the peak in
emissions at the equator extends itself inte fummer hemisphere and to higher

altitudes. Within the winter hemisphere a separate peak evolves at lower altitudes.

The longitudinal features in the emissions can be best summariseglines 3.36and
3.37 from Bakeret al. (2007). Figure 3.36 plots thex day average of the global
emissions fromthé (“ v o and/ (* T ¢ bands surrounding the spring equinox
of ¢ Tt @ The average local time corresponding to measurementg igEoO &igure
3.37plots the corresponding global peak altitudes of thesgions from these bands. A
peak in the global emission can be seen to exist at the equator. The emission rate drops
with increasing latitude until the miatitudes where there is a small increase in the
level of emissions. In the equatorial regionsav@number; feature is evident while in
the southern regions a small wavenumpé&ature is visible instead. Since the local
time of these emissions correspond roughly o pEal Q D&¥e wavelike features can
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attributed to tidaleffects, primarily thenonmigrating tides. These features are also
shown in Xuet al. (2010) in much more detail and will be discussedChapter 5.

From Figure 3.37it can be seen that there is an inverse relationship between peak
emission rates and peak emission heighsakRemission rates occur at lower altitudes
shown to be approximately ¢& | at the equator and approachipgk | in the mid- to
high-latitudes, especially in thdlorthern hemispherduring the spring equinox.
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Figure 3.36: Peak/ (° mesospheric VERIighttime airglow global distribution, 7 day
average at the 2005 spring equinox from SABER IR sensor (Balkér;2007).
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Spring Equinox 2006 (Average Local Time: 01:13:02)
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Figure 3.37: Altitude distribution of the peak (* mesosphericnighttime global
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airglow VER from SABER IR sensor, 7 day aage at the 2005 spring equin(Baker
et al.,2007)

3.13 Chapter 3 Summary

In this chapter the hydroxyl radical has been discussed. In the opening sections a brief
outline on the importance 6f (in the atmosphere was given which was followed by a
short discussion of the radical and the different roles it plays in the different
atmospheric layers. The dos was then turned on the mgsose layer of the
atmosphere and a distinction was made betweéim the ground state ard (* in
vibrationally excied states in line with the work of Pickettal. (2006). The different
behaviour of the radical in these two states was explained. From teegssibhns two

questions emerged.

1) Why is there at (* layer at these particular altitudes?

2) Why is/ (* such a dominant emitter in the night sky?

Question 1 was answered through consideration of the production and loss terms
associated with (* and the concentrations bfi and. within the mesopause. It
was shown that (* forms within the atomic oxyen layer in which the concentration of

/ is increasing while the concentratibn and. drops at an exponential rate with
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atmospheric density. THe (* is sensitive td concentrations at the lower boundary

andto/ and. concentrations at the upper Inoiary.

Question 2 was answered through detailed consideration of the energetics of the
molecule as well as the quantum mechanical selection rules. A description of the
determination of the radicals EDMF was provided which was followed by the
associatedtinsteinA coefficients. A9 (* has a large dipole moment it was shown that
this leads to large radiative transition probabilities accounting for the high levels of

emissions.

In the final sections of this chapter investigations of the diurnal, seasonal and global
variations are presented which show that the strongest variations in the ndct(frnal
emissions are attributed to atmospheric tides and in particular the migratingldde.

Both ground based studiéiritts and Isler, 199), and satellite observatioXu et al.,

2009) show that these tides are strongest at equinox and weakest at solstice. These
studies have also showthat the amplitude of these tides is largering the vernal
equinox than at the autumnal. The strongest features observed/in(‘teenissions
therefore follow from diurnal, seasonal and latitudinal variations in the amplitudes of
these tides. The tides are capable of strongly modulating (hemission as a direct
result of their effect on temperature, atmospheric density, the atomic oxygen mixing
ratio and transprt within the mesopause regi¢Wward, 1999; Marslet al.,2006; Gao

et al.2011).
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Chapter 4

The One Dimensional (i1D) Model of
Vibrationally Excited Hydroxyl

4.1 Introduction

In Chapter 3 the hydroxyl radical was discussed. This discussion made a distinction
between (and/ (* and was followed by a description of the mole&ilenergy levels

and quantum mechanical selection rules. Details of the history of the EDMF
determinations and ssbquent inverse radiative lifetimes obtained were provided. The
general features of the resulting airglow emissions which this thesis attempts to model

were subsequently described.

The 2D model of vibrationally excited hydroxyl developed as part o thesis was
designed to calculate the concentration of the nine lowest vibrational level§’ of
within the mesosphere for a givest ©f geophysical conditions, at a given location, at a
givenlocal time. It is similar in many respects to thd Imodelsof/ (* previously
developed and described in the papers of Makhdbwl. (1995), Pickettet al. (2006)

and von Savignyet al. (2012b)although several differences in the model assumptions,
chemical schemes, reaction rates, and initial conditions coadidy these models do

exist The reasons for these differences will become clear as the chapter progresses.

In this chapter the-D model, which will be refeed to as the Maynooth-ib (M1-D)
model, will be described. The results of this model wiltbmpared to results from the
Makhlouf model,and thevon Savigny model as well as SCIAMACHY and SABER
observational data.Table 4.1 provides a summaryith relevant detailsof the 1D

models discussed in this chapter.
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Name

Type of Model

Paper

Details

M1-D Model

Photochemical

model

Model developed for this

thesis.

Makhlouf Model

Photochemical
dynamical

model

Makhlouf et al.
(1995)

Model for investigating
| (* response to gravity

waves.

McDade Model

Photochemical

McDade (1991)

Model for investigating

model altitudinal variations it (*
layers.

von Savigny Photochemical| von Savigny et | Extension of McDade
Model model al. (2012b) model
NRL-CHEM1D | Photochemical| Englert et al.| Investigations of ground
Model model (2008) state/ (.
Caltech 1D Photochemical| Pickett et al.| Investigations of ground
Model model (2006) state/ (.

Table 4.1: Summary of 1D models discussed in this thesis with relevant papers

providing descriptions and their objectives in relatioh tf

The vertical rage of the model covers plevels set ap E | intervals fromx v

p TH [. This altitudinal range covers the full extent of th€ airglow emission layer

of interest. Given that this is a relatively narrow range of altitudes it is possible to work
with a hgh model resolution, without the requirements of extensive processing power

and time typically necessary for model runs.

Within the M1-D model the concentrations of the nine lowest vibrational states(af
I C0
level. These chemical species all have short lifetimes and undergo chemical, quenching
Thenetiotechemical
equilibrium can be assumed within the model and the concentration of the individual

w, are calculated by solving the pradion and loss terms for each individual

and radiative processes quicker than diffusive processes.

species can be calculated from the production and loss terms alone.

The determination of the concentration of a species in this manner can be described

simply by Equation 4.1,
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(4.1)

wherel is the concentration of the species in dffevibrational level. 0 denotes the
sum of all production terms arid denotes the sum of all loss terms (Dobbin, 2005).
This production and loss o6f (* in the different vibrational levels is principally due to

the atmospheric photochemistry discusseGhapter 3.

Initial conditions for the model are provided by a numbesaurces. The start up
climatological profiles of the major atmospheric speciesand/ as well as the
atmospheric neutral temperatures are from the Mass Spectrometer and Incoherent
Scatter (MSISEQ0) empirical mode{Hedin, 1991). Initial concentratns for the minor
atmospheric species atomic oxygén,and atomichydrogen , are also provided by
MSIS. TheMSISE90 model was the obvious choice for this data as it provides the
concentrations of the majority of precursor species required. More amplgrt it

provides global coverage of these species at all local times.

Additionally, MSISE-90 provides initial concentrations of the same chemical species to
the CMAT2 model and it is this model into which ti1-D model will be

incorporated.

The conentrations of ozoné, , are obtained directly from the CMAT2 model which

uses the UK Universities Global Atmospheric Modelling Programme (UGAMP) Global
Ozone Climatology as its source (Dobbin, 2005). While more recent profiles of ozone
are available, (floexample from the GOMOS instrument onboard the European Space
Agencyods ENVI SAT Sat eéthli(200d)and subsetjuarit Wwoekd, i n
these profiles have not, at the time of writing, been incorporated into the CMAT2
model. In order to keep the data sets within each model consistent the older ozone
profiles are employed. Furthermore, adopting the samelgwddillows reasonable
predictions of the effectiveness of thd.-D model within CMAT2 to be made.

For comparisons with more recent models, ozone data sets retrieved from the Cospar
International Reference Atmosphere (CIRA) Trace Gtuesit Reference Maa
(Keatinget al.,1996) and SABER instrument will also be employed. In such cases the

source of ozone data will be highlighted.
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4.2 Basic Equations of the M2D Model

Given the start up concentration profiles described above as initial conditioivk] ibe
model can proceed to calculate the concentration of each of the nine lowest vibrational
states of (. The production and loss terms for each level are calculated and at each
time step the constituent profiles of the minor species are updated. majoe
atmospheric constituents, and. , are assumed to remain constant. This process is
then repeated until the model reaches convergence at all vibrational levels.
Convergence can be defined as the point at which the concentration of the vibrational

level reaches a steady state.

Assuming that there exists only negligible amounts ¢f in vibrational levels higher

than/ (* U w, itis appropriate to calculate the concentration of this level first. This
assumption is reasonable as t®& ¢ 6requied for production of (* 0 p mis
unavailable through the reaction of hydrogen and ozone. Once the population of the
ninth level has been determined, the concentration of the subsequent (evel,

can be calculated and so forth, until the cormegions of all vibrational states)

p w, have been determined.

The population of (* U w is also the easiest to determine as there is only one
chemical source of production. Cascade effects from higher vibrational levels
augmenting its populatiorttough collisional deactivation or radiative emissions need
not be considered.

The concentration of (* U w can be determined using
0
(4.2)

which is an adapted, and simplified, form of the equapiesented in Russell and Lowe
(2003). ¢ is the population of thé¢ " U w, 0 denotes production into this
vibrational level,6 is loss of/ (" 0 w through collisional deactivation and
guenching with ,. , and/ . 0 is loss by radiative emission afdis loss through

chemical reactions, the primary reaction of which is with atomic oxygen.
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Once the concentration of the(" 0w level has been determined it is possible to

calculate the population of the next level(* b using:

8

O &€ 0 O f
6 o 0
(4.3)

Equation 4.3is also adapted, andngplified, from Russell and Lowg003) and each

symbol has the same meaning asEiuation 4.2 The additional production term
given by¢ 6y 0 j is production of (* 0  via single quantmn deactivation

of/ (* 0 w through collisions with ,. , and/ hand single quantum radiative

emission.

Similar equations are developed for each of the lower vibrational levels ddw(ito
the ground state. The equations for productioh ¢f 0 v and/ (0 1 will be

discussed here.

/ (“ b v production is given by

(4.4)

In Equation 4.4 the production ternd , where0 denotes the particular vibrational
level,is abentas the reaction of hydrogen and ozone preferentially produ¢e the

U wandv Y levels. Smaller amounts are produced inthe x and v @
levels and there is no significant production/ of® within lower vibrational levels
(Klenerman ad Smith, 1987).

It should be noted at this point that the proposed secondary production mechanism of

I (*, given by the reaction of perhydroxyl and oxygen as

(/ 1971 C0 o |/
(R4.13) (from Table 4.1)

is notconsidered to be a significacdntributing factor to the overall concentrations of
/ (*, even in the lower vibrational levels. This reaction has been included Mtz

model as a source of ground staté only.
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This implies that the production 6f(" 0 v , and each subsequent rdtional level
/| ¢ 0 v,isentirely attributed to the collisional and radiative transitions originating
from the higher vibrational levels falling into the lower vibrational levels. Thu$ the

term disappears from the equations relating to the ptmtuofall/ (* 0 v 8

/ (0 T, orground state hydroxyl, production is given by

m m

Oz O=
¢

o: O
¢

¢
O: Os
¢

O: O
=y
o: O
o5

¢
¢

=

Oz ;- ™
=

c: oO: O
=2
m- ™M

(4.5)

Here the poduction termD reappears. This is due to the fact that there are multiple
chemical reactions and other processes which pradyde its ground state within the
mesosphere. The majority of these reactions are considered b1tz model;
however a small number, for which the overall contribution/tq concentrations is

negligible, are ignored.
4.3 Production and Loss Equations of thevi1-D Model

The equations described up to this point are relatively simple interpretations of the
chemical, radiatie, and quenching processes involved in the chemistry oMth®
model of/ (. More precise equations for the exact number density of tfie
vibrational levels calculated by the model are displayed below. In this case the

equations for each individugibrational level are presented in order.

, . OwQ Y ( /
/(U (0V] “ *~h *~h %, *~h
B &, B Q" Q" . Q/ Q"
(4.6)
) duQ Y (! I (0 w 8y Q"7 T
I Co “h ~h ~ ~h
B 6; B 1 0 o/ 7"/
(4.7)
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I o X
. . B 6x/C0 B Q"7 /(C0
OX QY ( / " (~h ] (
Q I 0
B o6; B %"/ 1N Q Q"
(4.8)
I Co o
. B o0/ B "/ /¢
He QY ( " (:’h ) Co
Q I v
B o6; B %'/ 1N Q/ Q"
(4.9)
B o067/ C0 B Q" / /(CVU
] Q" /(U
/(U v o *~ h *~ N 7 *~ N
B &; B Q" Q Q/ Q"
(4.10)
B o607/ C0 B Q"/ /(C0U
.. Ko LN BN GV
o "R oy "R
B 65, B Q" Q Q/ Q"
(4.11)
B o7/ (C0 B Q"7 /(¢
. Ko LN BN GV
I'Cuv o " h "R " h
B 6, B Q" Q Q/ Q"
(4.12)
B 65/ C0 B "/ /(Cvo
Qh I 0
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(4.13)
B 6/ C0 B Q"/ /(C0
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(4.14)
B o6/ C0 B Q" / /(0
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Equations 4.6 to 4.15represent the full extent of the(® photochemistry incorporated

into theM1-D model. Constituent concentrations are represented in square brackets,
e.g./ (C U represents the concentrations of in the0™" level, while the branching
ratios ofthe primary/ (* production reaction are representedaby . Reaction rate
coefficients are represented TG;}‘ "Y whereQ represents the reaction rate associated
with a particular reactioy “Y represents any temperature depend@ctor related to

this reaction rate anshbazepresents any vibrational level dependence factor associated
with the deexcitation of/ (* from level0 to levelbae The Einsteird coefficients, or
inverse radiative lifetimes, associated with rad@tamissions are representeddby

where0 represents the initial vibrational level avaepresents the final vibrational

level into which the (* radical haslecayed

The two loss reactions attributed to atomic oxygen account for both chdassand

guenching loss which are considered separately.in Equation 4.15for ground state

| ( represents production and loss of ground statewhich is not attributed to

interactions with (*. The chemistry behind ése equations is presented’able 4.1

The following equations represent the production and loss terms of the remaining
atmospheric species, including atomic oxygen, ozone, atomic hydrogen, perhydroxyl,
and the remaining ground state hydroxyl chemistry, which have been indedbori

theM1-D model i.e. they represent the remaining photochemistry considered. As stated
in Section 4.2the concentrations of the major atmospheric constituents, molecular

nitrogen and molecular oxygen, are assumed to remain constant.

These equatns (Equations 4.167 4.20 have been derived in a similar fashion to the

equations governing (* photochemistry described previously.

P
I B Q/ (0 QY QY/ - QY - (!
(4.16)
/ E Y/ /-
QY( QY/ Q YI( Q Y(/I
(4.17)
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B Q/ (0 [/

C o @y - Q (/
(4.18)
) Q Yl I ( QY( I -
( Q/  Q Y/ T (
(4.19)
I Q/ (1 QY (1 ¢Q ( (/ 68
von G/ Q Y/
(4.20)

In each of the above equations the symbols have their usual measndescribed
previously whiled  represents the contribution to the ground stateconcentrations

resulting from theé (* chemistry.
For referencgthe combined equation takes the form:

B &8:/C0 B Q"7 /(¢vo
B @". /¢o B "7/ /(o
Q/ Q1

O/ (1 Q1 (1 <Q ( (!

Q/ Q 8

/ (L T

(4.21)

The full set of reactions governed by these equations is summaritablén4.2below.
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"E£° Production Additional Chemistry
R4 | ( / /1 C0O ¢ w |(R4T) /1 -0 -
(R4.8) /I | -9/ -
"E£€’Loss (R4.9) /| | ©/ /
(R42) |/ (0 . o/ (0N | |(R4.10) ( I -9°(C/l -
R43) |/ Cv [ o/ ¢OoN / [(R411) ( (71 o71(C1/1¢(
R44) | 1 CO o/ (0N / |(R412) I (1 °o(/l [/
(R4.5) I Co [9o( [ (R4.13) (/ 19/ ([
(R4.6) [ CoOO/ (CON O (R4.14) (/ | °/( <

Table 4.2 Summary of chemical reactionslated to (* chemistry encoded within the

M1-D model.

While the reactions described here in no way give a complete account of the chemistry
within the mesopause region, they do take account of the major chemistry required for

modelling of/ (*.

A small number of additional reactions have been incorpoiatecthe M1-D model,
such as

( (ro¢ 1/
(R4.15)

( (I (1 I8
(R4.16)

However, given that these reactions play only a minor role in the chemistry of the
mesopause, and that the inclusion of these reactions requires the activation of a further
two atmospheric species; namely and ( / , these reactions a

within the model.
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4.4 Study 1: Initial Testing of the M1-D Model

Upon development of thiel1-D model a number of tests were performed to determine
how well it compares to other previously developed, and well establisiH2anddels.

The 1D kinetic model of Makhlougt al. (1995) was chosen for the initial comparison.
This model uses the previoudlgveloped model of Winickt al (1985) to determine

the initial number density profiles of reactive minor species within the atmosphere. The
major species and neutral temperatures are determined from the trace constituent
climatological model of Summer&993). These data are given as inputhe 1D

kinetic model which calculates the number densities of the individual vibrational levels
of/ (.

It should be noted that Makhloetal.( 1 995) adopt a Afast at ¢
rat ec® @i Al FOfor/ "0 o w. Slowerrates ghgtv pmt Al 7O
andogo pm Al ¥Oare adopted fof 0 ¢ and/ (* 0 p respectively.

These quenching rates are attributed to the reaction

(R4.5)

Within the M1-D model this reaction describes a cheahiloss reaction rather than a
qguenching loss reaction as ground statgis not produced. Therefore, there is a

significant difference in what this thesis describes as quenching and what is described as

qguenching in Makhloutt al. (1995). As such, eac mo d e | utilises A
with atomic oxygeno which, on compari sa
another.

Reaction R4.5 is included in tid1-D model as a contributor to the chemical loss of
| (*, rather than as loss through quenching, while quenching (6fwith atomic

oxygen is accounted for by the reaction

I GO0 /o[ (0 m /8
(R4.4)

This reaction has a much lower reaction rate@f p m A [ FO(Winick et al.,

1983). The above is mentioned that confusion between what the Makhlouf model

describes as fAquenching wJltDhmodeltdesaribes aso X y g
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similar quenching can be avoided. The inclusion of this quenching reaReact{on
R4.4) into the M1-D model, a reaction whirtis not incorporated into the Makhlouf
model, is one factor which contributes to a number of differences in the results obtained

from both models.

Figure 4.1shows a digitised version of the results presenté&dguare 4 of Makhloufet

al. (1995). Themodel was run using input profiles generated for local midnight on day
165 of the year (June T and at ceordinates 30°N, 105.8°W, corresponding to the
location of the White Sands Missile Range Tracking Station in Sacramento Peak, New

Mexico.

Figure 4.2 shows the concentrations 6f(° generated by theM1-D model for
comparison. Initial concentrations of the major specied and/ as well as the
minor specieg and neutral temperatures were determined from the MS(B@atabase
(Hedin, 1991). Inial concentrations for ozone were determined from the CIRA trace
constituent reference modédatinget al.,1996), published at approximately the same
date as the Makhlouket al. (1995) paper. Concentrations df (and ( / were
determined from the profiles presented Rigure 2 of Makhlouf et al (1995) as
calculated by the model of Winiost al (1985). All profiles were generated for the
same time of day (local midnight), same day of the year (day 165), approachiig solst
conditions, and at the same location (30°N, 105.8°W) as those employed by the
Makhlouf model.

A detailed comparison of the results of the two models follows.
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OH*(v=1-9) Concentration Profile - Makhlouf et al., 1995
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Figure 4.1: Photochemical equilibrium altitude profiles of" 0 p w generated

by MakHouf model using input profiles for day 165, midnighti. (Makhloufet al.,
1995).
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Figure 4.2: Photochemical equilibrium altitude profiles of" 0 p w generated
by M1-D model using input profiles for day 165, midnightz. .
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It is clear that the profiles generated by the two models are in good general agreement
with one another. Both models predict a large increage(inconcentrations above
approximately an altitude af 7E | as well as a sharp decline in the concentrations
before reaching an altitude @fTE [. The altitudinal extent of each individual(*

layer predicted by both models is in very close agreement.

The magnitude of the different (* concentration levels aralso in close agreement
with one another. Howeverthe M1-D model tends to predict slightly higher
concentrations than the Makhlouf model within the lower vibrational levels and slightly
lower concentrations than the Makhlouf model within the higher tidmal levels.
This can be attributed, at least in part, to differences in the upper level concentrations
due to the inclusion of the quenching reaction
/I ¢o /o (0 m |/
(R4.4)

which, as mentioned previously, is not incorporated into the model of Makhfsifa

chemical quenching reaction this has the effect of decreasing the améu(it of

Differences in the concentrations of the lower vibrational levels can be attributed to
differences in the initial atomic oxygen concentration profiles used by bottelm
Betweeny randy (& | the Makhlouf model uses atomic oxygen concentrations slightly
lower than those used by tM&-D model. This results in reduced productior of at

these altitudes decreasing the overall concentrations. The difference atothie
oxygen concentration increases to a full order of magnitude bpltwi and to four
orders of magnitude by (& [ significantly hampering an§ (* production at these

altitudes.

A small amount of (* is produced by the Makhlouf model through théismn of the

reaction

(/I 1971 Co ¢ |/
(R4.13)

as a secondary source /of(° production. Howeveron the basis oM1-D model

calculations this reaction is not required as an additional source‘pfeven at low
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vibrational levels, as significantly morewelevel/ (* can result from cascade reactions

and collisions involving the higher vibrational levels transitioning downwards.

A key difference between the two generated profile sets is the difference in the heights
of the peak concentrations of each aiiwnal level. Thisrisesdespite the fact that the

I (* layers predicted by both models have similar depfigure 4.1 shows that for

/ 0 w the Makhlouf model predicts a peak height of approximapel§ I. The
peak height subsequently drops by appnately T® E | for each subsequent
vibrational level. This leads to successive peaks, at Fhdlfintervals, between
approximatelyy (£ | and p k& i.  The M1-D model predicts a peak height of
approximatelyp ¥ [ for/ (* 0w with a similar decrease o#® E | for successive
vibrational level peaks, between altitudes of approximapetiz | andy X i. The
results from both models are therefore in close agreement with SCIAMACHY
observations and model predictions of von Savighyal. (2012b) which revealed
similar altitudinal distributions i (* peak heights and are discussed in more detail in
Section 4.6

Given that the majority of the initial concentration profiles within the above comparison
are obtained from alternate sources, differences in thigasigh as those described are
expected. This provides the opportunity to investigate what effect incorporating the
individual constituent profiles from the Makhlouf model into #1&-D model has on

the model results in relation to (°.
4.5 Study 2: M1-D Model Sensitivity to Initial Conditions

45.1 Atomic Oxygen

It was originallythoughtthat the difference in the peak heights observed in the results
of both models could be explained by the inclosaf the new quenching reaction
(R4.4) with atomic oxgen. Given that the concentration of atomic oxygen increases
over this particular altitude range, it appeared reasonable to assume that this would lead
to significantly more quenching at higher altitudes rather than at lower altitbdesby
decreasinghe concentration df (* at higher altitudes and forcing the peak in the layer

to occur at lower altitudes.
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However removing the reaction from the model resulted in only a marginal difference

in the/ (° concentrations predicted for all vibrational levels as well as a negligible
difference in the peak concentration heights. Thus, further investigations were carried
out to determine the root cause of the differences between the peak heights obtained

from the two models.

Figure 4.3shows a comparison of the( 0 @ profiles obtained from the Makhlouf
model and two different profiles generated by M#&-D model. In the first profile
(solid line) the atomic oxygen profile frothe MSISE-90 database was ukeas in
Figure 4.2. In the second profile (dashed line) the corresponding atomic oxygen
profile from Figure 2 of Makhlouf et al (1995) was used as input in the model run.

The/ (0 @ profile generated by the Makhlouf model is also displayed (dottedl li

OH*(w=8) O Compatison Profiles

105 T I T I
— h1-DModel ;4515 O Profile)

=== 11-D Model (Winick et al, (1925 O Profile) |}
-------- Makhlouf et al,, (1985)

100 4

Altitucle gk

?D 1 1 1 1
a 200 400 ga0 200 1000

OH*{w=8) Cancentration (cm'sj

Figure 4.3: M1-D model altitude profiles of (* 0 @ using MSIE-90/ profile
(solid line), Winicket al. (1985)/ profile (dashed line), with Makhlouf model altitude
profile (dotted line).

It can be seen that the modified oxygen profile allofes the prediction of
concentrations that are in better agreement with the Makhlouf model. Howelss
not change the altitude of the peak concentration by an appreciable amount and the peak
heights remain approximatetyE | apart. Similar profilesvere generated for the
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remaining vibrational levels and this trend is consistent. Better agreement between the
model results is achieved using the modified atomic oxygen profile with regardg to
concentrations; howeveonly negligible changes to tineights of each vibrational level

are observed. Based on these data it was concluded that the atomic oxygen profile plays
a substantial role in determining the concentrations withir ttielayers although it

has less influence on the determination ofgbak heights within the individual layers.

This is investigate further inSection 4.6

45.2 Ozone

Figure 4.4 shows the results of an investigation into the variation in the)
profile when the ozone profile aVinick et al. (1985 is adopted aspposed to the
original profile obtained from CIRAKeatinget al.,1996)

OH*(w=8) 03 Comparison Profiles

hd1-0 Madel (CIRA O, Profile)

105 T

----M1-Dhodel fafinick etal, (1988 O, Profile)

100 e
N T Makhlauf et al,, (1998)

Altituce (kn)

75 1 1 1
o 200 400 gan aan 1000

OH*w=8) Concentration (cm™)

Figure 4.4: M1-D model altitude profiles of (* 0 @ using CIRA/ profile (solid

line), Winick et al. (1985)/ profile (dashed line), with Makhlouf model altitude
profile (dotted line).

In this case thé (* b  layer has ascended by approximaiely [, bringing it into
better agreement with the peak height predicted by the Makhlouf model. Hotever

peak concentration has not changed significantly, except at heightscalggviewhere
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there is a clear increase. Again this trend is repeated for each of the vibrational layers,
with each exhibiting an upward shift of approximateli i in the peak concentration

altitude and a slight increase in concentration.

In each case there is also a significant increase in the concentratioff above
altitudes ofw ¢& I. These unexpected increases in concentrations may be the result of
inaccuacies in determining the exact values of ozone concentrations presented in
Makhlouf et al. (1995). Given the relatively high concentrations of ozone, when
compared to other minor chemical species, and the log scale employed, it was naturally
more difficuk to determine exact values for the concentration. Repeated attempts to
achieve more accurate values eventually led to only marginal differences in the results

displayed inFigure 4.4.
4.5.3 Atomic Oxygen and OzoneCombined Variation

Figure 4.5 shows theM1-D model results when both the altered atomic oxygen and
ozone profiles have been used as initial input. Results from the Makhlouf model are

also displayed.

QOH*{w=8) O and 03 Comparison Profiles
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h1-Dhdadel SIS O and CIRA O, Profiles)
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95
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Figure 4.5: M1-D model altitude profiles of (* 0 @ using MSISE90/ profile
and CIRA/ profile (solid line), Winicket al. (1985)/ and/ profile (dashed line),

with Makhlouf model altitude profile (dotted line).
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Both the concentration and peak height of the layer predicted are now in much better
agreement with the Makhlouf model. Howevdre somewhat large increase in the
concentration of (“ abovew ¢ | remains. The concentration peak height remains
approximatelyp E | lower than that produced by the Maklouf model; while the

concentrations below altitudes of approximatelgE | are aimst identtal.

The concentration of the layer is in much better agreement than in the previous figures
and the increase ih (* concentrations abov® ¢E | has been partiallameliorated
The remaining discrepancies in the results from both models carribeitat to the
slightly different chemical routines and reaction rates that both models employ. Given
the levels of uncertainty in the initial conditions it is reasonable to conclude that the
M1-D model can produce results that are in very good agreem#nthe Makhlouf

model.

4.6 Study 3: M1-D Model Comparison with SCIAMACHY
observations and 1D model of von Savignyet al.(2012b)

Studies 1and2 in this chapter compare the M1 model results to the well established
model of Makhloufet al. (1995) in espect of (° concentrations. The effects of
varying the initial conditions of the MD model were also investigated and it was
shown that with similar initial conditions the M1 model could effectively reproduce

the Makhlouf model results.

The following study focuses on the altitudinal distribution of th€ layers. The

model results are compared to the more recdhtniodel of von Savignet al. (2012b),

which is an extended version ofethl-D model described in McDadél1991).
Observational datafm t he SCI AMACHY instrument on b
is also used for this comparison. As this study focuses on altitudinal variations, the
results of the model runs are normalised with respect to the peak emission rates, as are
the observed SCIAMACHY pfiles. This enhances the visual impact of altitudinal
variations that may not be readily apparenStadies 1and2. Further verification of

/ (* concentrations will be the subject®fudy 4in Section 4.7

Figure 4.6 shows normalised monthly and zonally averaged volume emission rate

profiles from the/ (¢ ph/ ¢ ¢ ¢ and/ (C ¢ o bands measured by the
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SCIAMACHY instrument during July 2005. The data are binnedpnibtlatitude bins
betweenoc @3 andp . . The loca time of the measurements is approximately
¢cEl QOO

Latitude range: -30° to -20°  Latitude range: -20° to -10°  Latitude range: -10° to 0° Latitude range: 0° to 10°
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Figure 4.6: Normalised monthly and zonally averaged volume emission rate profiles
forthe/ (o ph (@ ¢ and/ (" ¢ o bands forp ttlatitude bins between
o &3 andp @. for July 2005. Dotted lies represent retrieval error based on the

standard error of the inverted lirnAdiance profiles (von Savigret al.2012b).

It can be seen that an altitudinal shift exists between the three emission bands in each of
the latitudinal bands observed. Theak in the/ (* y o emission occurs at the
highest altitude while thé (* ¢ p emission occurs at the lowest altitude. The

/| ¢ @ ¢ emission peaks at an altitude between the other two. In each of the profiles
the altitudinal shift between the (" ¢ o and/ (* ¢ p bands is approximately

o 1 E [ and occurs between altitudesyoh w 7E I. Howeverthe exact peak height
cannot be determined using SCIAMACHY data because qi#jt& i vertical field of

view ando® E [ tangent height sampling (von Savigeiyal.2012b).

These profiles will now be compared to the results from the model of von Satighy
(2012b) and the MD model. Initial concentration profiles for the atmospheric species
employed by both models are representative of conditions for July &@0g i O OO
local time and are obtained primarily from tMSISE90 empirical model (Hedin,
1991).

Figure 4.7 (left panel) shows the fractional populationof® 0 p ® as a function
of altitude calculated by the model of von Savigetyal. (2012b). Theright panel

shows the normalised emission rate profiles for the same vibrational levels. The
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calculations are based on the assumptiond ti{atemissions follow a Gaussian altitude
profile with a mean peak altitude ¢fyE | and a FWHM ofE I. More detds of the
calculations are provided in von Savigatyal. (2012b). Figure 4.8 (left panel) shows
the same fractional populatiocalculated by the MD model directly from the
incorporated chemistry. The right panel shows the associated relative emagsson

Multiquantum vibrational relaxation model
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Figure 4.7: (Left panel): Fractional populations bf("* 0 p ® for July 2005as a
function of altitude based on model of von Savigrtyal. (2012b). (Right panel):

Normalised emission rate profiles for" 0 p w calculatel by same model.

Multiguantum vibrational relaxation model

100 100
—w=s i =3
=8 =5
=7 L =7
95 = 95t =
— =4 o Lo =4
£ -3 £ -3
< — < -
I 90 — = 2 90 =1
3 Ay 2
3 e z
85 S 1 85
80 1 / ! N : 30 e et ) ) )
2 L v 0 02 04 06 08 1

10 10 10

Fractional Population

Figure 4.8: (Left panel): Fractional populations bf(* 0 p ® for July 2005as a
function of altitude based on the M model (Right panel): Normalised emission rate

Relative Emission Rate

profilesfor/ (" 0 p w calculatel by same model.

It can be seen that the fractionmpulation distribution of botlmodels is somewhat

different; rowever the trend produced by both models is quite similar. In both cases
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the upper vibrational levels increase their fractional population with increasing altitude
while the fractional poputeon of the lower vibrational levels decreases with increasing
altitude. Differences in the overall magnitude occur primarily at the upper and lower
boundaries of the emission layer and are not unexpected given the different methods
used by both models tcalculate/ (* emission rates. Ofreaterimportance in this
comparison is the altitudinal distribution calculated by both models which can be seen
to be almost identical.

The results of both models show a clear altitudinal variation in the emissits pea
calculated. Emissions from the hay vibrational levels occuat higher altitudes than
the lower vibrational levels. This is accowith the SCIAMACHY observations. The
altitudinal variation between the(" 0 w and/ (" 0 p levels predicted by von
Savigny et al., (2012b) is approximately E i, betweenp v ¢ ¢k I, leading to an
average peak altitude difference of abo®tE | between consecutive (* levels. The
M1-D model predicts a similar altitudinal variation®E |, betweenp 1 @ (E I, and
therebythe same average altitudinal difference®@fE | between consecutive emission
layers also in agreement with SCIAMACHY observations. The difference in the
altitudinal range produced by both models can be attributed to the assumption of von
Savignyet al. (2012b) that the average peak emission height occuysgati while the
M1-D model predicts this to occur dit@E . Thereforeit can be seen that both models
produce similar altitudinal variations which compare well with SCIAMACHY

observations.

In order to further test the MD model capabities, results from both models are
presented when the chemical schemes are altered to eliminate quenchiag aysink
of / (*. Figure 4.9shows the model results from von Savigstyal. (2012b) when this
guenching has been eliminatedFigure 4.10 shows the results of the M2 model

under the same conditions.
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Multiquantum vibrational relaxation model
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Figure 4.9: (Left panel): Fractional populations bf(* U

function of altitude when quenching byhas been neglected, based oodel of von

Savignyet al. (2012b). (Right panel): Normalised emission rate profileg f¢r 0

p w for July 2005as a

p w calculatel by same model.
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Figure 4.10: (Left panel): Fractional populations bf(* 0
function of altitude when quenching byhas been neglected, based on-Dlinodel.
p w calculatel by

Relative Emission Rate

p w for July 2005as a

(Right panel): Normalised emission rate profiles fof* 0
same model.
Again it can be seen that the fractional populations produced by both models are

different although the trends in the altitudinal variatioagree Vibrational levels

O o0 wincrease their fractional population over the altitude range while the
fractional population of vibrational levels ph; decreases. This result is produced by

both modés.
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The altitudinal range of the peak emission heights produced by both models can also be
seen to be significantly reduced now that quenching by atomic oxygen has been
eliminated. Therefore, in line with the results of previously developed models and
direct observations of emission layer peak altitudes, théd\ifers further verification

that quenching by atomic oxygen is necessary to reproduce an accurate emission peak

altitudinal variation with vibrational level.

Further comparison of the resutiboth models shows that while the altitudinal range

of the emission peaks has been reduced, thdNdtoduces an altitudinal variation of
approximately¢ E | while von Savignyet al. (2012b) produces a variation of
approximately only E i. There is alsa significant variation between the average
peak height of the emission layers produced by both models. The model of von
Savigny produces an average peak emission heightffi, as expected based the

model assumptions, while the average peak heigltheo M1-D model has dropped
fromy ¢ [ toy E .

Given that thé (© emission layer is highly sensitive to variations/in at the lower
boundary and- at the upper boundary (Marsh al.,2006), a drop in average peak
emission altitudes is not unexqied. By eliminating quenching by atomic oxygen from
the model chemistry more oxygen becomes available for the production afd
hence/ (. The effect of this is more pronounced at lower altitudes, where the
concentration of is increasing, than afpper altitudes where decreasing concentrations
of - counteract the effect. The overall result is mor€ producton at lower altitudes
which reduce the peak emission altitude. This feature/ of emissions cannot be
observed in the model of von Sawget al. (2012b)because it assumdésat the mean

peak altitude of the emission layer occurgiaE .

Figure 4.11 shows the results from the model of von Savighyal. (2012b) when
qguenching by atomic oxygen has been reintroduced. Howther quenching rate
constant of Smitket al. (2010) has been adopted with a correction factor fronet<al.
(2012) instead of # rate constant of AldeBolden (1997) previously employed.
Adjusted/ quenching rates from Xeat al. (2012) have also been adegt Figure
4.12 shows model results from the M1 model after the same alterations to the

guenching rates have been adopted.
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Multiquantum vibrational relaxation model
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Figure 4.11:(Left panel): Fractional populations bf(* 0
function of altitude wherh quenching constd is taken from Smitket al. (2010) in

combination with & w correction factor from Xtet al. (2012), based on model of

von Savignyet al. (2012b). (Right panel): Normalised emission rate profiles for

/ (U p w calculatel by same model.
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Figure 4.12: (Left panel): Fractional populations bf(* U

function of altitude wher quenching constant is taken from Sméhal. (2010) in
combination with g& w correction factor from Xuwet al. (2012), based on MD
model. (Right panel): Normalised emission rate profile¢ f¢t 0 p w calculate

by same model.

In both figures many of the features observeBigures 4.8and4.9 have been restored.

The fractional populations produced by batiodels are still dissimilar at the layer
boundaries although the trends in the populations are the same. Both models show a
clear increase in the fractional population of the upper vibrational levels with increasing
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altitude while the lower vibrationaéVels show a decreasing fractional population over
the same range.

The altitudinal range of the peak emission heights has also been restored although not to
the same extent. The model of von Savigryal. (2012b) now shows an altitude
variation of onlyo E [ surrounding the expectelg ¥ | assumed mean altitude, while

the M1-D model shows aE | variation centred on a mean altitude approximately
PBEI.

The restored features can be attributed almost entirely to the reintrodwdtion
guenching by atmic oxygen sincethe adjusted quenching rates produced only

minor changes in the results from both models.

In a final comparison with the model of von Savigatyal. (2012b) the sensitivity of the
M1-D model results to changes in the atomic oxygenceoimation profiles are
examined. Figure 4.13 shows results from the von Savigny model when the atomic
oxygen concentrations have been scaled by facta®kg8tv8tandp Birespectively.
Note that these scaling factors are substantially larger themations in/
concentrations explored Bection 4.5.1and4.5.3 Figure 4.14shows the MiD model

results using the same scaling factors.
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Figure 4.13: Sensitivity of the von Savigngt al. (2012b) modelled emission rate
profiles to atomic oxygenamcentrations. The standaMSISE-90 atomic oxygen
profile is scaled with constant factors varying betwe@n p B8t Rate constants for
guenching by atomic oxygen and molecular oxygen are correctedsVadoeXu et al.
(2012).
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Figure 4.14: Sensitivity of the MiD modelled emission rate profiles to atomic oxygen

concentrations. The standat5ISE-90 atomic oxygen profile is scaled with constant
factors varying betweer® p Bt Rate constants for quenching by atomic oxygen

and molecular opgen are corrected value from ¥tal.(2012).

Figure 4.13shows that the model of von Savigny produces a significant increase in the
emission peak altitude range with increasing atomic oxygen concentrations. However
the M1-D model produces a small decrease in the same emission peak altitude range
while the average peak height of the layers also drops in altitudeyfromp & | in

Figure 4.14

The sinking of the mean peak altitude within the-BlInodel results can @e again be
attributed to the sensitivity of the lower boundary of the emission layers to changes in
atomic oxygen. Increasing the concentratiord alver this altitude range results in
more/ production and hence mote(*. However the effect of thiss counteracted

by the decreasing concentrations/ofand. with increasing altitude. Thus more

production of (* occurs at lower altitudes reducing the peak altitude of the emissions.
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Increasing concentrations further augments the amourit a¥aileble for quenching.

Below altitudes ofp (£ | this is a relatively inefficient process (von Savigety al.

2012b) as the concentration/ofs still quite low. Howeverat altitudes abovey (= |
increasing the concentration /ofresults in significantly in@ased quenching by atomic
oxygen. This can reduce the emission rates causing a further drop in the altitude of the

emission layers.

The difference between thesults obtained by both model®uld appear to arise from
the assumption made in von Savigely al. (2012b) that the average peak emission
height is confined to an altitude ¢fyE i. Fixing the peak altitude t ¥ | introduces

an artificial constraint in the von Savigny madé&lor example, the concentrationd of
and. decrease by approxim&te) ® between altitudes af aandy ¥ I. Therefore
the values obtained by both models for both single and multiquantum collision's with
and. will be significantly different as a result of this exponential decline in

concentrations.

Despite the dferences in the modelled results presented in this section it should be
remembered that using atmospheric concentration profiles which have been unaltered,
and are therefore considered representative of atmospheric conditions, both models
produce very sini@r results which compare favourably to SCIAMACHY

measurements.
4.7 Study 4: M1-D Model Sensitivity to Temporal and Spatial
Variations

Given the success of th1-D results thus far, the model was applied to different co
ordinates on the globe, at difégt times of day, and during different times of year as
part of a more extensive test into its ability to predict reasonable concentratiorfs. of

The model results were subsequently examined spatially, to determine latitudinal and
longitudinal variatios, and temporally, to examine variations in both local time and

time of year.

Since Makhloufet al. (1995) provides data for only one location and at one time of
year, comparisons between these two models were no longer feabilottermore

SCIAMACHY data is limited to low latitudinal regions. However, given the significant
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number of publications oh (* emissions and concentrations in recent years, derived
from measur ements obtained by such i nst
onboard the TIMED satefé, a wealth of reent observational data evailable for

comparison.

At this point it should be noted that MSISIE profiles for the concentrations of the
chemical species and( are readopted as initial conditions for tM&-D model.
Concentrationsof / and of ground staté (and( / are taken directly from the
CMAT2 model.

In the following sectionprofiles of the differenvibrational levels, at different locations

on the globe, and at different local times are examined. These profiles are produced at
three different latitudes, 40°N, 0° and 40°S, for equinox conditions on day 80 of 2003
and allow for changes in the altitmdl and latitudinal distribution of (°
concentrations at this particular time of year to be investigated. The model predictions
are compared to profiles derived from direct measuremerits(oémissions made by

the SABER instrument onboard the TIMED diat

An extensive study in determining (* concentrations and emission levels from
SABER data was conducted by Xt al. (2012). In this study version 1.07 data from

the SABER instrument was used to determine temperature and ozone profiles while
fiuht er ed &nda.6 D airglow emission profiles were used to deterniing

concentrations.

The fAunfilteringo of the data was perfor
bands onboard SABER is not perfect in a number of ways. Firstly, st mmeinclude

all emission lines and secondly the response of the filter is only in the rangd 00B0

over the width of the band. More details of the filters limitations can be found in
Mlynczak et al. (2005) while a detailed description of the unfilkg process can be

found in Xu et al. (2012). Using this SABER data Xat al. (2012) produced
longitudinally averagechighttime / (* profiles over latitude bands 20° wide with

which the results of th®11-D model are compared.
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4.7.1 Latitudinal Varia tions at Equinox Conditions

In the first case study Xet al (2012)presents data from day 80, 20€8responding to
equinox conditionsver three latitude bands centred at 40°N, 0° and 40°S. The profiles

produced are for three local times of 0300 hit®hrs and 0100 hrs.

In this section a detailed comparison of #&-D modelled concentrations and the
concentrationslerivedfrom the SABER measurements are presented. In the first case a
comparison at equinox conditions (day 80 of 2003) is made at three separate latitude
bands (40°N, 0° and 40°S). This comparison rsi@a out for two separate viional

levels/ ¢ 0 @ and/ (" O T . These two vibrational levels were selected for the
comparison so that data from the two separate channels onboard SABER dedicated to

observing (* emissions are employed.
4.7.1.1 High Vibrational Levels

Figure 4.15, 4.16and 4.17, presentM1-D model predictions of the concentrations of
/ (UL U atlocal times 0300 hrs, 0130 hrs and 0100 hours respectively.

OH*fw=8) Profile, 40°M, Day 80, 2003

1EII:I N T T T T T T T
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- ~--=Huetal, (2012)
= i
=
(a1}
=
=
= .
?5 1 1 1 1 1 1 1
0 100 200 200 400 800 B00 700 800

OHE) Concentration (om™)

Figure 4.15: Altitudinal profile of/ (" 0 ¢ att . for day 80 of 2003t 0300
local timecalculated by MiAD model (solid line) ath measured by SABER instrument

(dashed line) presented in Xual.(2012).
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Figure 4.16 Altitudinal profile of/ (* 0  at equator for day 80 of 20Q& 0130
local timecalculated by MAD model (solid line) and measured by SABER instrument

(dashed line) presented in Xtal.(2012).
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Figure 4.17Altitudinal profile of/ (* 0 ¢ att ©3for day 80 of 200&t 0100 local
time calculated by MiAD model (solid line) and measured by SABER instrument

(dashed line) presented in Xual.(2012).
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Within these figuresit can be seen that in all cases thH-D model predicts
concentrations that are in very good agreement with the BABEta. The
concentrations are only slightly lower than those measured by SABER/ {THayer

thickness is also in good agreementFaures 4.15and4.17 at 40° N and 40°S of the
equator while inFigure 4.16 over the equator, the modelled layer isngavhat thinner

than the SABER measurements.

At 40° N and 40° S the peak concentration height varies by approxingafely The

M1-D model predicts a peak height of approximatglg= | throughout the year while
SABER measures a peak heightyoflt | at tre higher latitudes. Howevethere is

very good agreement on the peak heights at the equator with both sources showing peak
altitudes ofy ¢ i. This implies that the chemistry of thd1-D model is accurate.
Differences in the initial conditions, or alternatively atmospheric processes such as tides
or gravity waves, which are not accounted for byNtieD model, could force the peak

in/ (* concentrations into higher altitudes at higheitldes. The effect of these
additional atmospheric processes cannot be investigated untiltiz model has been
incorporated into the-B CMAT2 model. It is the job of CMAT2 to account for these
atmospheric processes.

4.7.1.2 Low Vibrational Levels

A similar comparison was carried out for the remaining vibrational levels and similar
features were found to exist in the majority of cases. The main difference between the
higher and lower vibrational level predictions is that, while for higher vibratiemels

the M1-D model generally predicts concentrations slightly lower than those recorded in
SABER data, at lower vibrational levels thll-D model typically predicts
concentrations that are slightly higher than those revealed by SABER measurements.
While this is not true in all cases, it is true for the vast majority.

Displayed inFigures 4.18, 4.19 and 4.2@re profiles for vibrational levél (* 0 1

for the same location, time of day and time of yedfigare 4.15, 4.16 and 4.17.
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Figure 4.18: Altitudinal profile off (" 0 1 att @. for day 80 of 2003at 0300
local timecalculated by MAD model (solid line) and measured by SABER instrument

(dashed line) presented in Xt al.(2012).
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Figure 4.19: Altitudinal profile of/ (" 0 1 at equator for day 80 of 2068 0130
local timecalculated by MAD model (solid line) and measured by SABER instrument

(dashed line) presented in Xual.,(2012).
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Figure 4.20: Altitudinal profile of/ (" 0 1 att ®3for day 80 of 2003 at 0100
local time @lculated by M1D model (solid line) and measured by SABER instrument
(dashed line) presented in Xual.,(2012).

Similar features to those described earlier are visible in all three figures. Layer
thicknesses are again in good agreementaasily at higher latitudes; although just as
before, theM1-D model tends to predict a layer that is somewhat thinner at the equator
than the SABER data.

The concentrations are in very close agreement although in most lvaseedel tends
to slightly over-predict the concentrations when compared with the SABER data,

especially at higher latitudes.

Peak heights of approximatelyE | are predicted at all three latitudes by ¥&-D
model while the SABER data shows a variation in peak height of appateliyo E |
between the equator and the higher latitudes. This variations extend$ #orhat the
equator tap X | at 40°N and 40°S. This further suggests that while the chemistry may
be accurateatmospheric processes such as tides or gravity wavedenegsponsible

for the variation in peak heights observed.
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4.7.1.3 Further Investigations of M1-D Model Sensitivity to Ozone

Based on the results of the initial sensitivity studiethe M1-D model detailed above

(in particular Section 4., it was reasonably assumed that discrepancies within the
initial ozone profiles used by the model could explain the differences in the peak
altitudes exhibited irsections 4.7.1.1 and 4.7.2 Therefore, SABER recorded ozone
profiles were adopted as impfor the M1-D model in order to examine what effect

further variations in ozone concentrations could have on the modelled results.

Figure 4.21 shows the/ (" 0 ( profile generated byM1-D model using the
appropriate ozone profile derived from SABER aserements. For comparison, the
/ ¢ U Y concentration profile determined by SABER is also presented, identical to

the profile presented iRigure 4.15.

OH*w=8) Profile, 40°M, Day 80, 2003
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Figure 4.21: Altitudinal profile of/ (" 0 ¢ att . for day 80 of 2003t 0300
local timecalcdated by M2D model (solid line) and measured by SABER instrument
(dashed line) presented in Xtal.(2012) using SABER retrieved profiles.

The/ (* 0  profile displayed irFigure 4.21shows significant improvement. The
concentrations predicted for this vibrational level are improved and the height of the

layer has increased in altitude by approximatelyi. The height of the concentration
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peak has also increased by the same ambenglty becoming almost indistinguishable

from the SABER measured profile.

This process was undertaken for all vibrational levels aridgare 4.22the effecton

the/ (* 0 1 level is displayed. This profile also exhibits much better agreement

with SABER data
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Figure 4.22: Altitudinal profile of/ (* 0 1 att ®. for day 80 of 2003t 0300
local timecalculated by MAD model (solid line) and measured by SABER instrument
(dashed line) presented in Xtial.(2012) using SABER retrieved profiles.

The process was repeated for each latitudinal band. Similar results welefdodine
lower latitude band a40°S as expected given that the ozone profiles at both locations
(40°N and 40°S) are similar (Xat al 2012). This is shown irrigure 4.23 for

I Cu T.
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Figure 4.23: Altitudinal profile of/ (* 0 1 att @®3for day 80 of 2003at 0100
local timecalculated by MAD model (solid line) and measured by SABER instrument

(dashed line) presented in Xtial.(2012) using SABER retrieved profiles.

The effect of the new ozone profile also improves the comparison of the two data sets at
the equator. Howevethe newozone profile causgthe M1-D model to predict peaks
in the/ (* layers at higher altitudes than those measured by the SAB&ERMent.

Thisis shownfof (* 0 1 inFigure 4.24
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Figure 4.24: Altitudinal profile of/ (* 0 1 at equator for day 80 of 20G& 0130
local timecalculated by MAD model (solid line) and measured by SABER instrument

(dashed line) presented inuXxt al.(2012) using SABER retrieved profiles.

This results from the fact that at the equator during equinox, the ozone profile is
markedly different from the ozone profiles at the different latitude bands surrounding
40°N and 40°S and exhibits a pedeight that has increased in altitude by
approximatelyo E | from  d& | to w 1E I.

4.7.2 Latitudinal Variations at Solstice Conditions

The latitudinal distributions of differeit (* vibrational levels for a number of different
latitudes at a number of local times have been discussed. Howev@lots given in
Section 4.7.1are only for one particular day of the yeard representative of equinox
conditions. A similar comparisonsing data from a differentntie of year day 180 of

2003, representing solstice conditipnsll be presented in this section.
4.7.2.1 Inter Comparison of Makhlouf, SABER, and M1-D Model

Since the first locationag 40° N is in the vicinity, and at theame time of yeaf~ day
180) as the results previously shown from the Makhlouf maalejuick comparison on

the variation in concentrations predicted by Bh&-D model, the Makhlouf model and
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SABER datafrom Xu et al. (2012) is presented. The resultsnfrawo different
vibrational leveld (" 0 ¢ and/ (" U T are shown inFigure 4.25and Figure
4.26 respectively These particular vibrational levels were chosen so that data from
both SABER channels dedicated to the observation of/ tffeairglow could be

employed. Initial concentrations of ozone are taken from CMAT2.
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100 - . . . ,
o —M1-D Modal

\ T Huetal, 2012)
"""" Makhloutf et al, {1958) (|

95

90

Altitude (km)

an |

TE 1 1 1 1
0 200 400 GO0 800 1000

OHi) Concentration (om™)

Figure 4.25: Altitudinal profile of/ (" 0 ¢ att @. for day 180 of 2003t 0300
local timecalculated by MAD model (solid line) and measured by SABER instrument
(dashed line) presented in Xet al., (2012). Altitudinal profile for (* 0 ¢ from

Makhloufet al (1995)is also shown for comparison (dotted line).
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QOH*iv=4) Profile, 40°M, Day 120, 2003
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Figure 4.26: Altitudinal profile of/ (* 0 1 att @. for day 180 of 2002t 0300
local timecalculated by MAD model (solid line) and measured by SABER instrument
(dashed line) presented in Xat al., (2012). Altitudinal profile for (* 0 1 from

Makhloufetal. (1995)is also shown for comparison (dotted line).

It can be seen clearly that thé1-D model tends to predict legs(® at the higher
vibrational levels than the Makhlouf modéFigure 4.25. However the M1-D
predictions of the higher vibrational level concentrations are in better agreement with

the profiles derived from the SABER measments.

Looking at the peak heights of the layer it can be seen that the Makhlouf model makes a
better prediction of the peak height. As discussed previously, the difference in the peak
heights produced by thigl1-D model can be attributed to variat®primarily in the

ozone profiles employed in the initial conditions.

Within Figure 4.26 the M1-D model predicts slightly higher concentrations for the
lower vibrational levels than the Makhlouf model. Howeule concentrations from

both models are ditivery much in agreement with the data obtained from the SABER
observations. The Makhlouf model results show a slightly better agreement with the

SABER data measuremenespecially betweey X | andw (& | with regards to this
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vibrational levels concerdtions. The peak heights predicted by the Makhlouf model are
also in better agreement with the SABER measurements.

Small variations between the peak heights of all three sources are still visible. SABER
measurec peak height ap ¢k I, the Makhlouf modepredicts a peak height ¢f X |

and theM1-D model predicts a peak height of approximatgh i. While theM1-D

model predicts peak concentrations at lower altitudes at these lower vibrational levels, it
predicts an overall layer thickness that is in better agreement with the SABER
measurements. The Makhlouf model predictions underestimate the thickness of the
layer by aboup E i. This can be attributed to variations in the atomic oxygen profiles
adopted by the Makhlouf model whiélls sharply belowp (£ |.

Analyses of the other vibrational levels show similar characteristics to those exhibited
in the figures bove. For the higher vibrational levels the Makhlouf model predicts
higher/ (* concentrations than both tM-D model and SABER. Howevgit gives a

better prediction of the peak heights. The layer thickness as predicted by all three

sources are in vgrclose agreement.

For the lower vibrational levels the concentrations produced by both models are in good
agreement with SABER data. Howepitre Makhlouf model predicts a layer somewhat
thinner than that produced by th&l-D model and SABER, while th#1-D model
maintainsgood agreement with SABER measuremaeftboth layer and peak altitudes

at lower heights.

In the following section a comparison of thed.-D model results with SABER data will

be presented.
4.7.2.2 High Vibrational Levels

Figures 427, 4.28 and 4.2%how M1D model predictions of the concentrations of
/ (0 U at local times 0300 hrs, 0230 hrs and 0045 hrs respectively. These are

shown below and incorporate, yet again, the ozone profiles adopted from CMAT2.
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OH*iv=8) Profile, 40°M, Day 120, 2003

1EII:I T T T T T T T
" —M1-DO Model

R —===uetal, (2012)

Altitude (ke

74 :
o 100 200 300 400 500 600 700 aan

QOHY Concentration {cm'S)

Figure 4.27: Altitudinal profile of/ (* 0 (¢ att . for day 180 of 2003t 0300
local timecalculated by MAD model (solid line) and measured by SABER instrument

(dashed line) presented in Xt al.(2012).
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Figure 4.28: Altitudinal profile of/ (* 0  at equator for day 180 of 20G& 0230
local timecalculated by MAD model (solid line) and measured by SABER instrument

(dashed line) presented in Xual.(2012).
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Figure 4.29: Altitudinal profile of/ (" 0  att @3 for day 180 of 2003t 0045
local timecalculated by MAD model (solid line) and measured by SABER instrument
(dashed line) presented in Xtal.(2012).

In the above plots it can be sethat in all cases thigl1-D modelpredicts concentration

that are in very good agreement witle tSABER data. Ifrigures 4.27and 4.29the

M1-D model predicts concentrations that are slightly lower than those measured by
SABER. InFigure 4.28the concentrations predicted are slightly higher than those
predicted by SABER following the same trendsoaserved previously. Analyses of
other high vibrational level¢e.g.0 X andw) show that typically the M-D model
underestimates the concentrations of the higher vibrational states while overestimating

the lower vibrational levelge.g.0  ph; ando) slightly.

The/ (¢ layer thicknesses are in good agreementFigures 4.27and 4.29 at 40° N
and especially at 40°S of the equator whiléigure 4.28 over the equator, the model
predicted layer is somewhat thinner than the profile retrieved from the SABER

measurements.

Thepeak heights predicteatt @. and at the equat@re approximately 2 km lower, at
86 km, than the SABER peak heights at 88 Kihis is not surprising given thate

ozone profiles from CMAT2 have been readopted.
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However overall there is still very good agreement between the two data sets shown
especially inFigure 4.29 Here it can be seen that at almost all altitudes, thi¢h
exception of the peak itself, there is excellent agreement between the concentrations and

altitudinal distribution of (* for this particular vibrational level.

4.7.2.3 Low Vibrational Levels

A similar comparison was carried out for the other vibratlolevels and similar
features and trends were found in the majority of cases. The main difference between
higher and lower vibratiwal levels is, again, thdor higher levels the M\D model
predicts concentrations slightly lowerath those recorded iIBABER datawhile at

lower levels the model predicts concentrations that are slightly higher than those
produced by SABER. These features can be seen belBigure 4.30, 4.31 and 4.32

for vibrational level (* 0 1 for the same location, time of day atihe of year as
Figures 4.27 4.28and4.29
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Figure 4.30: Altitudinal profile of/ (" 0 1 att @. for day 180 of 2003t 0300
local timecalculated by MAD model (solid line) and measured by SABER instrument
(dashed line) presented in Xual.(2012).
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QOH*{i=4) Profile, Equatar, Day 180, 2003
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Figure 4.31:Altitudinal profile of/ (* 0 1 at equator for day 180 of 20G& 0230
local timecalculated by MAD model (solid line) and measured by SABER instrument

(dashed line) presented in Xtal.(2012).

OH*v=4) Profile, 40°5, Day 180, 2003
100 T T T T T
- M1-D Model

TTT T Ruetal, 2012)

Altitude (ke

?5 1 1
o 500 1000 1500 2000 2500 3000

QOHY Concentration {cm'S)

Figure 4.32: Altitudinal prdfile of/ (" 0 1 att @3for day 180 of 2003t 0045
local timecalculated by MiD model (solid line) and measured by SABER instrument

(dashed line) presented in Xual.(2012).
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4.7.2.4 Further Investigations of M1-D Model Sensitivity to Ozone

The process of adopting ozone profiles from the SABER data for these same locations
and local times was again undertaken and the model results with these adapted profiles
are displayed belowFigures 4.33 and 4.34 indicate profiles for/ (" 0 ¢ and

/ ¢ U 1 respectivelyshowing that with thee ozone profiles there ibetter
agreement between the results of theMinodel and the data retrieved from SABER.

The results from two vibrational levels are shown and it can be seen that the agreement

is better amss for each vibrational level.

OH* =8 Profile, 40° M, Day 180, 2003
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Figure 4.33: Altitudinal profile of/ (" 0  att 1. for day 180 of 2003t 0300
local timecalculated by MAD model (solid line) and measured by SABER instrument
(dashed line) presented in Xtial.(2012) using SABR retrieved profiles.
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OH*f=4) Profile, 40° N, Day 180, 2003
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Figure 4.34: Altitudinal profile of/ (* 0 1 att . for day 180 of 2003t 0300
local timecalculated by MiAD model (solid line) and measured by SABER instrument
(dashed line) presented in Xtial.(2012) using SABER retrieved profiles.

Figures 4.35and4.36show that this agreement also extends to each latitude band.
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OH*(w=4) Profile, Equator, Day 180, 2003
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Figure 4.35: Altitudinal profile of/ (* 0 @ at equator for day 180 of 20G& 0230
local timecalculated by MAD model (stid line) and measured by SABER instrument

(dashed line) presented in Xtial.(2012) using SABER retrieved profiles.
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Figure 4.36: Altitudinal profile of/ (* 0 ¢ att ©®3for day 180 of 2002t 0045
local timecalculated by MAD model (solid line) and measured by SABER instrument

(dashed line) presented in Xtal.(2012) using SABER retrieved profiles.
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4.8 Chapter 4 Summary

Within this chapter the development of @1model of/ (* has been described. The

results of this model have been compared to the previously developed models of
Makhlouf et al. (1995) and von Savigngt al. (2012b) as well as observational data
from the SCIAMACHY i nstr ume n tsatelit@andbtieea r d
SABER instrument on board NASAOGs TI MED s

It was found that given the appropriate initial conditions theD/hodel can reproduce
the results of Makhlougt al. (1995), with only minor variations, without the inclusion
of the perhydroxyteaction as a source bf(“. This suggests that this reaction does not
contribute significantly to the levels of (* within the mesopause suptiag the
conclusions of McDad¢1991). Varying the initial concentration profiles of atomic
oxygen and ozonehsw that thé (° concentrations are highly dependent/ owhile

the peak altitude of the (* layers is highly dependent on.

Investigations of the altitudinal distribution of the(" layers showed a variation in the
peak emission heights of approxinigte E | between’ (* 0 w and/ 0 p .

The higher vibrational levels were shown to peak at higher altitudes than the lower
vibrational levels. An average difference of approximat&yE | existed between the
peak emission rate heights of consecutivg layers in agreement with both the model

of von Savignyet al. (2012) and SCIAMACHY observations. Elimination of
guenching by atomic oxygen from both the von Savigny aneDMdodels significantly
reduced this altitudinal distribution of the emissionel@ytop andc E [ respectively.

A drop in the mean altitude of the emission layers fgoo ¢ & | was also predicted

by the MiD model and attributed to the increased leveld afvailable for/ (°
production. This feature cannot be observed in the von Savigny model results as long

as the mean peak is assumed to exigt ) .

Significant variations in the concentrations/ ofised by both models showed further
divergence between the von Savigiyd MED model results. While the von Savigny
model showed a broadening of the emission layers with increasingcentrations, the
M1-D models showed that this effect is counteracted by the sinking of the emission
peak altitudes resulting from increased” production at the lower boundary and

increased atomic oxygen quenching abgwve 1.
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Finally, studies of the latitudinal anseasonalresponse of the MD model were
investigated and the results were compared to observations from the SABER instrument
on board NASA6s TIMED satellitsestheMI:Dt wa:
model could accurately prediét (* concentrations for the individudl (* layers.
However the agreement between the modelled and observed results improved when
ozone profils adopted from SABER measurements were utilised as part of the initial
conditions rather than UGAMP profiles provided by CMAT?2.
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Chapter 5

The 3D Model of Vibrationally Excited
Hydroxyl "EE°

51 Introduction

In Chapter 4 the M1-D photochemical model df (* developed as part of this thesis

was described. The results of this model were compared to the results of other
previously devel oped models and to obser
NASAG6s SABER instruments. ivity to eagidtiongia t i o n

atomic oxygen and ozone were also carried out.

In this chapter the MD photochemical model is extended to calculate for the chemical
production and loss of the nine lowest vibrational statds ¢fon a global scale by
incorporatng it into the CMAT2 GCMcode which was run on the Maynooth
University HPC facility The High Performance Computing (HPC) Facility at
Maynooth Universitycurrently consists of an SGI Altix 8200 ICE cluster (Sioc) with 43
compute nodesEach node has twimtel(R) Xeon(R) E5462 "HarperTown" quadre
processors, running at 2.80GHz, and 16Gb of memory installed totals344 CPU
cores and 688 Gigabytes of memory in the systdéinalso has 32 Terrabytes of disk

storage.The cluster runs &E Linux as ograting system.

This was accomplished by addimgew chemical species, representing the nine lowest
vibrational levelsof (* 0 p w,intothe list of chemical species considered by the
CMAT2 model The incorporation ohew chemical speciesto a GCM s by no means

a trivial process anthvolved significant modification of a number ¢he CMAT2 core

modules routines and subroutines
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New variables, initial conditions andstartup climatologies for tle new chemical
species were developesdincorporated intd h i@eputgarameter@andé c | i mat ol o
routines of the CMAT2 model. Subsequently, a totap ghew chemical reactions
accounting for production and loe$ the different (* levelsvia chemical, collisiona

and quenching mechanismsr@e nc or por at ed i anegmistryanodule w CMA

As CMAT2 had previously not been employed to calculate emissions from atmospheric
constituenta n ent i r el y nmuine svasrdevslagped@mdsnbéorpsratea in
order to calculate the volume ession rates of the different (* species. A total of X
emission bands from (* were incorporated into this swdutine which utilise the
Einstein A coefficients of Nelsoret al. (1990). New calls for the calculation of (*
chemistry and emissions were immplented within the core module and the results of

these calculations were outpag a number of additional netcdf files.

The result of these modificationsignificantly impactthe CMAT2 model runtime.
Depending on theomplexity of the input parameters, such as the gravity wave or
ionospheric routine employed in the model run, the model run time can approach double
the amount of time required for a standard model run in whi¢hchemistry is not

included.

By incorpoating the M2D model into the D GCM the effects of horizontal and
vertical advection are added into the calculations, as well as other atmospheric
dynamicssuch as gravity waves and tides. With the addition of these features a more
realistic picture othe overall global distribution in the differeht(* species should be

achievable.

In order to test the incorporation of the N1 model into CMAT2 a number of
diagnostic tests were performed. These tests were designed to evaluate the capabilities
of themodel in respect of other models that have previously been developed such as the
ROSE chemical modealescribed in Rose and Brass€l®89), Marshet al. (2001),
Marshet al.(2003).

5.2 Study 1: Diurnal Variations in "E€’ Emissions

An initial comparison of the CMAT2 results was mawi¢h the model results of Ward
(1999). This particular model was chosen for the comparison primarily for its
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simplicity, calculating the number of emissions within thé" w ¢ band during

equinox conditions.

This represents the simplest case available as, during equinox, the atmosphere is in its
most stable condition while (* 0w is only produced via
( 1/ o/ (¢ I

(R5.1)
and not by any alternative means such as radiative transitions from higher vibrational
levels. As such this repgents an ideal starting point fdhe evaluation of the
incorporated modé& capabilities.Figure 5.1shows the model results of Wa{tP99).
Figure 5.2 shows the model results of CMAT2. Note that the altitudinal extent of the
CMAT?2 results i E | lower than that of War999). This is due to the fact that no
appreciable emissions are predicted abpwef i by CMAT2. The format of the

CMAT?2 plot is also altered to increase the level of detail visible in the results.

20H 2H 00H 02 04H
§
2
;é = i
BN X =\~
4&%'%] dc: (23 e:; OH(9-8) Emission, (ph/cm °) Ward, GRL, 1999

Figure 5.1: Height/latitude cuts at different local times of the(" w  diurnal

nightglow emision during equinox conditior(§Vard, 1999).
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Figure 5.2 Height/latitude cuts at different local times of the(* w  diurnal
nightglow emission during equinox conditionis2008produced by CMAT2.

FromFigures 5.1and5.2it can be seen that the CMAT2 model predicts similar levels
of emissions to the model developed by Ward at all latitudes and altitudes. During
equnox and at¢ TE Ol@cal time both models predict a peak in the emission of

/| ¢ @w Y at the equator which reaches a total emission of approximately
pmnBET AT & a peak altitude at approximatgiyE i. This peak is localized

at the equator and tradtitude of the peak in intensity is somewhat lower at the equator

than at other latitudes.
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At ¢ ¢ Odzal time both models predict that the magnitude of the peak has dropped
slightly and the CMAT2 model starts predicting increased level$ ¢f w

emissions within the tropical regions, migrating polewards from the equator.

By local midnight the CMAT2 model predicts two distinct peaks in the emission which
have migrated polewards from the equator and occupy the tropical regions. The number
of emissons at the equator s&ontinued to drop such that the number of emissions
from this particular band are now greater in the tropical regions than at the equator. The
Ward model also shows a decrease in the level of emission at midnight over the equator;
however it is only now that this model starts to show the emergence of additional peaks

within the tropical regions.

Only atmt & Ode the peaks in the tropical regions clearly evident in the predictions of
the Ward modelapproximatelyg hours behindhite model predictions of CMAT2. By

this time it is also evident that there is a disparity in the number of emissions predicted
by both models. While CMAT2 predicts lower levels of emissions coming from the
tropical regions than earlier in the night, theseissions are still quite strong when
compared to the emissions predicted by the Ward model. CMAT2 predicts emissions of
approximatelydm mtp m @ E T GA T @hile the Ward model predicts levels of
approximatelym n@E T OFAT .0

By 1t TE ObOth models predict that the number of emissions has decreased further and
peaks in the emission are observed in the tropics betgveent 1. 73 of the equator;

although there are still some differences in the peak magnitudes.

FromFigures 5.1and5.2 the nighttime trends in the emissions within the(" w
band can be established; however the sake of completenef#gures 5.3and5.4
show the diurnal profile of this emission band over the equator and over the northern

tropical region.

Here itcan be seen that at sunset there is a large increase in the levels of emissions at
both latitudes. Howevem Figure 5.3 (at the equator) the level of emissions reaches a
maximum soon after sunset before gradually declining over the course of the night
while in Figure 5.4 (within the tropics) theemission intensityloes not reach its peak

until approximately 2 hours after local midnight. At these latitudes the emissions start

off in the evening at a relatively low level, when compared to the level alsems at
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the equator, before gradually increasing until approximatet Q OThe level of
emissions subsequently declines until sunrise at which point there is a sharp drop in the

levels of emissions at both latitudes.

Equatorial OH*(9-8% Emission
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Figure 5.3: Diurnal variationin the nighttime emission from thé (* w (¢ band

over the equataturing March equinox of 200®roduced by CMAT?2.
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Figure 5.4: Diurnal variation in thenighttime emission from thé (* w  band at

p J. of the equatoduring March equinox of 200®roduced by CMAT?2.
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From the results shown fhigures 5.3and5.4 it is evident that the diurnal profiles of
these emissions are highly variable, not omlylocal time, but also latitude and
thereforeground based measurenterat different locations couldot be expeced to
find similar diurnal variations in the emission. Howewvitie magnitude of emissions
should becomparable at least to withinfactor of approximately.2 In Figure 5.5the
diurnal variation of thed (* w Y emission band between latittgdeof v 1 is

presented emphasising both the latitudinal and local time variations in the emission.
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Figure 5.5: Diurnal variation in thenight-time emission from thé (* w (¢ band for

latitudes between v @during March equinox of 200®roduced by CMAT2.

Based on the results presented in this section it can be concluded that the CMAT2
model predicts similar levels of emissions for th€ w  band to those predicted

by the/ (* model presented in War@d999) in respect of altitudeatitude and local

time. This suggests that the incorporation of theMfnodel into the CMAT2 code

has been successful, at least for this particular band. Howesgertomparison has only
looked at one of the ninfe (" species incorporated into the CMAT2odel,/ (* U

w, and one oB7 incorporated emission bands,(" @ Y. A more rigorous test of

the CMAT2 models capabilities is therefore required. For this reason, in the following
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sections of this chapter, the study is extended to multiple vibragiseisl of/ (* and

multiple emissions bands.

5.3 Study 2: Seasonal Variations inE * and'E °

Emissions

One of the most extensive investigationg of data from the SABER instrument was
performed by Gaet al. (2011). Within their paper 8 years of SABER data, from the
year 2002 to 2009, were analysed to determine the average features ffoifi tte
7and OH ¢ ¢and emissions covered by tE¥ A (2.0 ‘m) SABER channel
between latitudes of v Jsurrounding theequator. This particular latitude range was

chosen so that gaps in the data measured by SABEBHftitudes could be avoided.

The data were binned into a grid with dimensiong dflatitude p E Qocal time)

p E | altitude before being averagednally across each grid box. In the latitudinal
direction abJrunning average was then performed leading to altitudinal profiles of the
/ (* emission rates a datitudes betweenu & Given that it takes approximatepyr
days for SABER to complet full ¢ & @cal time coverage tdays of data on either
side of the individual equinox or solstice event were also utilised in the analysis. It is
assumed that the full TE ©overage gathered is representative of the individual day at
the centre of the lservational range. Following this, the averag€ nightglow
emission rate was determined by averagingnilgat-time emission between ¢® and

¢® E Ozal time. The results of this analysis, as presented ineGab(2011), are

shown inFigure 5.6.
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Figure 5.6: Altitude-latitude distributionof (* @ X and/ ( ¢ @ emission rates
inp mMAT O for equinox and solstice conditigr20022009(Gaoet al.,2011).

In order to perform a comparison between the data presenkeglire 5.6 from Gaoet

al., (2011) and the CMAT2 model, four CMAT2 runs were performed at equinox and
solstice conditions for the year 2008. Within each model run the concentration of the
nine individual vibrational states 6f (* were determined and from these concentration

the number of emissions in each band were calculated. In a similar fashion to what is
described in Gaet al. (2011) thesenighttime emissions were subsequently averaged
between c¢® and ¢® E Odal time.

The results of these four CMAT2 model susre presented Figures 5.7through5.22

In each case the individual emission profile from th€ w x and/ C ¢ @
emission bands are displayed separately before being combined to produce a composite
emission profile made up of the emissions from both bands. These combined emission
profiles are subsequently compared to emission profiles recorded by the SABER
instrument. In order to facilitate this comparison the work of Gatoal. (2011)
establishing the above profiles has been repeated. HoveelgISABER data from the

year 2008 has been utilised. The latitudinal range of the model results has also been
limited to within v 1 latitude for ease of comparison, although it should be
remembered that CMAT@redications are available at the full range of latitude$t3

tow d.
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Figure 5.7: CMAT?2 altitudelatitude distribution of (* @ X nightglow emission

ratenAi O atm 1E Ol@xal timefor March 2%, 2008.
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Figure 5.8: CMAT2 altitudelatitude distribution of (* ¢ @ nightglow emission

rateinA1 O atm 1E O@zal time br March 2%, 2008
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Figure 5.9: CMAT2 altitudelatitude distributionof the combined/ (°

O atm 1E O@zal timefor March 2F

w X and

I ¢ ¢ ¢ nightglow emission rate iA |

2008

SABER Measurements

S —— |
. i

Altitude

-50 il
Latitude

Figure 5.10: SABER atitudelatitude distribution of thecombined/ (" w ¥ and
I ¢ ¢ ¢ nightglow emission rate iA1 O atm 1E Olézal time for March 2,
2008.
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Figures 5.7to 5.9 show the CMAT2 model results for March equinox conditions of
2008. Figure 5.10shows the observational data for the same period gathered by the
SABER instrument. Both the (" w X and the (* ¢ @ emission profiles show

a peak in the level of emissions at the equator with the peak in ¢the) ¢ band
exhibiting slightly stronger features than th€” w x band due to its slightly higher
concentration. A minor difference in the altitude of thekpmaission also exists within

the profiles with the peak in the (* w X band occurring ap (& | while the peak in

the/ (* ¢ ¢ band occurs at the lower altitudeftE i. Given that these emissions
originate from two separate (° species an altitude diffence in the emission is
expected although the altitudinal difference predicted here is slightly larger than that
predicted by both the MD model and by von Savigmgt al. (2012b) as detailed in
Chapter 4. It should be remembered that CMAT2 has a vertresglolution of
approximatelyc E | at mesopause altitudes and therefore cannot be expected to
reproduce the altitudinal distribution of the(* layers exactly in line with the MD

model or von Savigngt al.(2012b).

It can be seen that tHe(" w x layer extends over a larger altitude range from
Y1t wiE [ while the/ ¢ ¢ ¢ band extends fronp T wdE i. The combined
emission profile from both bands is presente#ligure 5.9and compares well with the
SABER observational data presentedrigure 5.1Q Both figures exhibit a strong peak
in the/ (* emissions at the equator. HowevEMAT2 predicts a magnitude in the
emission that is approximately a factor of two larger ttiat shown in the SABER
data. It is a known feature of the version of CMAT2 utdise this project that model
runs tend tooverpredict the amount of atomic oxygen within the atmosphere by
approximately a factor of two (Dobbi@008). The unexpectedly high(* emissions

predicted by CMAT2 is attributable to this previously documeatechic/ problem

Despite this difference the morphology of the emission layer in both figures is quite
similar with both exhibiting a similar emission layer thickness, (extending from

P 1T w E [); although low levels of emissions can be seen to extend up to almost
p TE in the observational data. The altitude of the peak emission is in very close

agreement ap 1€ .

The emergence of a secondary peak in the emission showkigure 5.10 at

appoximatelyv @3 of the equator is not evident in the CMAT2 profiles. This may be
22t
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an additional feature of thle (* emission during equinox. Given that the observational
data used to produce this graph utilises data up to and over a month prior to &quinox
may also be possible that this is the remnanhefidlatitude winter maximum in the

emission displayed later Figures 5.19to 5.22
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Figure 5.11: CMAT?2 altitudelatitude distribution of (* w ¥ nightglow emission

rateinAi O a1 1E Olazal timefor June 21, 2008.
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Figure 5.12: CMAT2 altitudelatitude distribution of (* ¢ ¢ nightglow emission

rateinA1 O atm 1E Ol@zal timefor June 21, 2008.
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Figure 5.13: CMAT2 altitudelatitude distribution ofthe combined (* w ¥ and

I ¢ ¢ @ nightglow emission rate iR O atm 1E Ol@ral time for June 2%,
2008.
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Figure 5.14: SABER altitudelatitude distributionof the combined/ (" @w ¥ and
I ¢ ¢ ¢ nightglow emission rate iA i O atm 7E Ol@ral time for June21®,

2008.
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Figures 5.11to 5.13 show the model results for thamse emission bands during June
solstice conditions. The morphology of both emission bands is quite similar although
the magnitude of the (* ¢ @ band emission is shown to be slightiglher than the

/ ¢ w X band emission at all latitudes. There is a minor difference in the altitude of
the peak emission although it is still in close agreement with the predictions of von
Savignyet al., (2012b) as the altitudinal peak in the" @ X band is located at

P ¥ | while the peak inthé (* ¢ @ is located at approximately & I.

The morphology ofigures 5.11and5.12 are very similar although minor differences
can be observed. These minor differences can be explained by the additimoes ©f
production available to the lower vibrational leveld of which result from collisional
deactivation with the major atmospheric species. Givern/ tifatb  w has only one

source of production while (* 0 ¢ has five,

( 1/ O/ CO @ [

(R5.2)
I (0 @ 19/ C0 ¢ |
(R5.3)
I GO0 o [ 91 Cy w |/
(R5.4)
I (L o/ (CUu Yy
(R5.5)
IO wo/ (0 Y W
(R5.6)

slight differences in the morphology are expectedamse ofthese processes compete
with one another. The most prominent difference between the two profiles is that the
peak in emission from the (" w X which occurs at approximatety . does not
correspond to the peak in the emission of/th@ Yy ¢ band which isstill located at

the equator, although the difference in magnitudes of these local geqige small.

This suggestghat within the CMAT2 model excess production of th¢" ¢ ¢

emission is occurring at the equator during solstice.
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The increased l&f in emissions within th&lorthern hemispheref Figures 5.11and
5.12may be attributed to increased concentrations of atomic oxygen in this hemisphere
at this time of year which result from the increased levels gbhotodissociation
during the longersummer days. Furthermorgiven that/ is one of the principal
quenchers of (* it is possible that increased collisional deactivation ¢f 0

leads to increased production 6f(° 0 Y within the Northern hemisphere
augmenting emissions from this vibrational level. Sihc€ U w has only one
chemical source of production these effects would not be observed/in(th@ X

emission band.

The increasing altitude of the peak emission with latitudeigures 5.11and5.12 is

also a significant feature of the emission and suggests that the CMAT2 model is, at least
in part, able to predict certain effects attributed to the mesospheric circulation within the
atmosphere. As described @hapter 1 this circulation results ira mesopause that
exists at higher altitudes and exhibits colder temperatures during the summer months,

and lower altitudes exhibiting warmer temperatures during the winter months.

Figure 5.13 shows the combinel " @ x and/ (C ¢ ¢ emission profile for
comparison withFigure 5.14which shows SABER observational data from the same
period. As with equinox conditions it can be seen that the morphology of the two
figures is quite similar although CMAT2, as expected, agaar-predics the number

of emissiongt all latitudes by approximately a factorqf

There are clearly two additional peaks in the emission at latitudes of approximately

T @ The Northern hemisphepeak is shown by both SABER and CMAT2 twvéa
larger magnitude than the Southern hetmésppeak. HoweverCMAT2 also predicts
high levels of emissions at the equator which are larger than the minor emission peak
revealed by the SABER observations. These increased emissions at the equator obscure
the smooth transition in the number of esiosis displayed ifrigure 5.14

The altitudinal variation in peak emission heights with latitude is also visible in both

figures and both figures show approximately the same variation.
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Figure 5.15: CMAT?2 altitudelatitude distribution of (* w ¥ nightglow emission

rateinAl O atmt 1E Odzal timefor September 21 2008.
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Figure 5.16: CMAT2 altitudelatitude distribution of (* ¢ ¢ nightglow emission

rateinAl O atmt 1E Oldzal timefor September 21 2008.
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Caombined September Emission
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Figure 5.17: CMAT2 altitudelatitude distribution ofthe combined (* w ¥ and
I ¢ ¢ @ nightglow emission rate iA1 O atm 1E O6tal time Semmber21®,
2008.
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Figure 5.18: SABER altitudelatitude distribution ofthe combined (* w x and

I ¢ ¢ ¢ nightglow emission rate iA1 O att 7E Ol@ral time for September
21% 2008 recorded by SABER instrument.
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Figures 5.15to 5.17 show the model results for the emission bands during the
September equinox. The results for the different bands ate gumilar with the

I ¢ ¢ o band exhibiting the same global features ad tlfe @ x band with only

a slightly higher magnitude. As expected during equinox, the peak emission has
returned to the equator for thobands and the additional ratitude peak observed

during solstice have faded away.

In boththe/ (" @w X andthe (" ¢ @ emission profiles there exists a peak in the
level of emissions at the equator with the peak in/tHé ¢ @ band exhibiting
slightly stronger features than the(® w x band de to its slightly higher
concentration. A minor difference in the altitude of the peak emission also exists within
the profiles with the peak in the (* w X band occurring at approximatealy |

while the peak in thé (* ¢ @ band occurs at the lower altile of 1€ [ in close
agreement with the results described in von Savigngl. (2012b) and discussed in
detail inChapter 4.

The/ (" w X layer extends over a larger altitude range fipm w 1 | while the
I ¢ ¢ ¢ band extends frop 1 w & I. The combined emission profile from both
bands is presented Figure 5.17and compares favourably with the observational data

presented ifrigure 5.18

Both figures exhibit a strong peak in the(" emissions at the equator, although
CMAT2 predicts a ragnitude in the emission that is approximately a factor of two
stronger tharthat shown in the SABER data. As with the previous cad@s can
attributed to the increased levels of atomic oxygen predicted by the current version of
CMAT2.

Despite this dference the morphology of the emission layer in both figures is quite
similar with both figures exhibiting a similar emission layer thickness, (extending from
P 1T wE ) although low levels of emissions can be seen to extend up to almost
p TEI in the obsevational data. The altitude of the peak emisspwedicted by
CMAT2 aty 1E [ is in very close agreemewith SABER measurements

The emergence of the secondary peak in the emission shokigure 5.18 now at
approximatelyy @. of the equator is againot evident within any of the CMAT2
profiles. This may be an additional feature of th€ during equinox. Given that the
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observational data used to produce this graph utilises data up to and over a month prior
to equinox it may also be possible thastis a remnant of the summer maximum in the

emission displayed earlier Figures 5.11through5.14.
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QOH*(9-7) December Emizsion
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Figure 5.19: CMAT?2 altitudelatitude distribution of (* w ¥ nightglow emission

rateinAi O atm 1E O@zal timefor December 2%t 2008.
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Figure 5.20: CMAT2 altitudelatitude distribution of (* ¢ ¢ nightglow emission

rateinA1 O atm 1E Ol@zal timefor December 2%t 2008.
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Combined December Emission
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Figure 5.21: CMAT2 altitudelatitude distribution ofthe combined (* w ¥ and

I ¢ ¢ @ nightglow emission rate iAi O atm 1E Ol6tal time December 2%,
2008.
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Figure 5.22: SABER altitudelatitude distribution ofthe combined (* w x and

I ¢ ¢ ¢ nightglow emission rate iA I O atm 1E Ol@ral time for December

21% 2008 recorded by SABER instrument.
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Figures 5.19to 5.21show the model results of the emission band for December solstice
conditions. It can be seen that the morphology of both emission bands is quite similar
although the magnitude of the(* ¢ ¢ bard emission is shown to be slightly higher
than the (* w ¥ band emission at all latitudes. There is a minor difference in the
altitude of the peak emission which is still in close agreement with the predictions of
von Savignyet al. (2012b) as the altitlinal peak in thé (° w X band is located at

P ¥ | while the peak inthé (* ¢ @ is now located at approximatelyd |.

The morphology ofFigures 5.19and 5.20 are again very similar although minor
difference can be observed. These minor differencebeattributed to the additional
sources of production available to the lower levels ¢f which result from collisional
deactivatiorwith the major atmospheric species showrRaactions R5.20 R5.6. As

stated earlier, given that (" 0w has only one source of production whilg® 0

P has five slight differences in the morphology are expected as these processes

compete.

The increased level in emissions within theuthern hemisphem@ Figures 5.19and
5.20may be attributed to incread concentrations of atomic oxygen in this hemisphere
at this time of year which result from the increased levels gbhotodissociation
during the longer summer days. Furthermaiwen that/ is one of the principal
quenchers of (* it is possible thincreased collisional quenching bf(" 0
leads to increased production 6f(° 0 Y within the Southern hemisphere
augmenting emissions from this vibrational level. Sihcg 0 w has only one
chemical source of production these effects would natdserved in thé (¢ w X

emission band.

The increasing altitude of the peak emission with latitudeignires 5.19and5.20is a
significant feature of the emission showing that once again, the CMAT2 model is at
least in part able to predict certain effeat$ributed to the mesospheric circulation
within the atmosphere. This circulation results in a mesopause that exists at higher
altitudes and exhibits colder temperatures during the summer months, and lower
altitudes exhibiting warmer temperatures durihg winter months as is visible within

the above figures as detailedGhapter 1.
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Figure 5.21 shows the combinel " @ x and/ (" ¢ ¢ emission profile for
comparison withFigure 5.22which shows SABER observational data from the same
period. As with the ther three cases it can be seen that the morphology of the two
figures is quite similar although MAT2, as expected, ovaredicts the number of

emissions at all latitudes by approximately a factag.of

Two additional peaks in the emission occur atddes of approximatelyt @ The
Southern hemispherpeak is shown by both SABER and CMAT2 to aaw larger
magnitude than the ddthern hemisphere peak. HowevEMAT2 does not predict the
smooth emission band joining both the southern latitude and celgbeaks,but
establishes insteadminor peak at approximatetyt3. Once again increased levels of
emissions at the equator obscure the smooth transition in emissions displayed in the
SABER data irFigure 5.22

The altitudinal variation in peak ession heights is also visible in both figures and both

figures show approximately the same variation in the peak emission heights.

Utilising data fromFigures 5.9, 5.13 5.17 and 5.21, Figure 5.23 plots the overall
seasonal variation in the combined” w x and/ (" ¢ @ emission with time of

year. Two local times were selected so that the variation could be compared to
observed features in the seasonal variation recorded by the SABER instrument and
presented in Marseét al. (2006). Figure 5.24shows theseasonal variation in emissions

for the yearg T 11 ¢¢ T Tderived from SABER measurements

23€



Chapter 5: The ® Model of Vibrationally Excited Hydroxyl (*

VER {1e-7 ergsicm®is)

3.8

[}

ra
n

~a

1.5

Season Variation in OH" (9-73 and OH" (3-8) Emission Rate

fem

—E—2330 hrs |

—&— 0530 hrs

2 4 3] a 10 12
hanth of ¥ ear

Figure 5.23: Seasonal variation in the combined” w x and/ ( ¢ ¢ volume

emission rates produced by the CMAT2 model for local times ofcErO(§quares)
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Figure 5.24: Seasonal variation in the combined” w x and/ " ¢ ¢ volume

emission rates observed by the SABER instrument for local timessobErO(§quares)

andtt v cErO(iangles) from yearg 11 11 ¢¢ 1T T(Marshet al.,2006).

While these data presentedRigures 5.23and5.24 are from different years (CMAT2

data is predicted for year 2008) the trend in the seasonal variation produced by the
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CMAT2 model is similar to the features reded by SABER and repeated annual”t

¢ o oErQ Quring theMarch equinox, the emission reaches a maximum before dropping
to a minimum at thdunesolstice. The emission levels subsequently increase reaching
a second maximum during the autumnal equinox before decreasing again in tpe run

to theDecembesolstice. This feature is observed in each year of SABER data.

At T v OEMOEMAT? predicts that the variation in the emission has been substantially
reduced, although a certain amount of variation is still evident. Peaks in the amissio
still occur during equinox and minenare predicted at solstice. SABER data also
reveals a significant drop in the variability of the emission rate at this time. However,
the magnitude of SABER variability is lower than that predicted by CMaUdghesnhg

that the model ovepredicts the variability at this local time.

While this is a basic seasonal comparison, it can be seen that CMAT2 does predict the
season variability in the (* emission observed in the SABER data. The magnitude of
the variabiliy is similar at¢ o oErOV@th a value of approximately p m A O O

A | TOobserved in both model results and SABER data. Howévermagnitude of

the variability predicted by CMAT2 at v cErOi®approximately a factor of two higher

than observed in theABER data. It can also be seen that at all times of year CMAT2
typically predicts emission rates that are a factor of two higher than those observed in

the SABER measurements.
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5.4 Study 3: Seasonal Variations in'EE * and 'E °

Emissions

In many previous studies authors have limited the analyses of model results and
observational data to just one channel of the SABER instrument, typically the channel
dedicated to the higher vibrational level emissions. Given that this thesigpid to

model all emissions from the different vibrational staté df it is also necessary to
compare the model results in respect of the lower band. While the general features of
the emissions at lower levels are similar to emissions from the hidgirational levels,

the multiple sources of production and loss associated with the lower levels make this
an important comparison. From these results it can be determined how well the
CMAT2 model represents the collisional deactivation and quenchingjoresof the

upper vibrational states which produce the lower vibrational states.

For this comparisgnindividual emission profiles forthe (" v o and/ (" 1 ¢

bands will not be presented as the morphology of each band shows only minor
differences. The mantudes of the emissions are the only significant alteration to the
profiles. This was shown previoudigr the upper vibrational leveld (* w X and

/I ¢ ¢ @ inSection 5.3 Only the combined profiles are presented for comparison
with SABER data.
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Figure 5.25: CMAT 2 altitudelatitude distribution ofthe combined (* v o and

I ¢ t ¢ nightglow emission rate iA1 O atm 7E Ol@al timefor March 2%

2008.
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Figure 5.26: SABER altitudelatitude distribution ofthe combined (* v o and

I ¢ 1 ¢ nightglow emission rate iA1 O atmt 1E Ol@zal timefor March 2£,
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Figure 5.25shows the modelled emission from thé" v ¢ and/ (" T ¢ bands

for the March solstice betweenu 1 latitude. Figure 5.26 shows he observed
emissions from the SABER instrument for the same period. As with the analysis of the
previous SABER channel it can be seen that CMAT2 successfully models the overall
general features of the emission during equinox; although the modelledosmigs

now typically stronger by dactor of p® compared with a factor of 2 for the high

vibrational levels

In both the modelled and observed figures a peak in the emission occurs over the
equator at an altitude df € | which is in agreement with tradtitudinal predictions of

von Savignyet al. (2012b). At higher latitudes the peak in the emission rises to
approximately ¢ | in both the Northern an8outhern hemispheseshowing a clear
altitudinal variation in the peak emission with latitude. dhalso be seen that the
modelled emission layer is somewhat thinner than the observed emission layer
extending fromp 1 w TE I rather than the observegdy w ¢E i. It is worth noting

here that the level of emissions belgwrE | and abovew ¢E I, in both profiles,
contribute only slightly to the overall total emission. The majority of emissions occur

in ap TE [ layer surrounding the altitudinal peak.

A secondary peak in the observed esias profile appears in the mildtitudes which is

not pedicted by the CMAT2 model. This is not entirely unexpected as the SABER data
used to compilé&igure 5.26includes data from over a month prior to the actual date of
the equinox. These data are therefikely to include some features from theevious
December solstice midhtitude maximum in the emission which occurs at the same

latitude as the secondary peak.

Bakeret al. (2007) further investigates emissions fromth€ v o and/ ("1 ¢

bands duringpringequinox conditions.Figure 5.27 shows he global distribution of a
sevenday average in the magnitude of the peak V&Blume emission rategs
recorded by SABER during the spring equinox;aft 1 &igure 5.28shows the global

di stribution of the corresponding altitui

248



Chapter 5: The © Model of Vibrationally Excited Hydroxyl (°

-7

Spring Equinox 2005 {Average Local Time:01:13:02)  « 10

(&
BIN
5~
'O
ON %
%30 4 mE
)
£ i)
A | iy o
0% | =
04
T,
b =
B0°S
1
180°vy 12070 B0°vY o B0°E 120°E 180

Longitude
Figure 5.27:Peak/ (v o and/ (" T ¢ mesospheric VERighttime airglow

global distribution, 7day average at the 2005 spring equinox from SABER (Beker
al., 2007).
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Figure 5.28: Altitudinal distribution of the peak (v o and/ ("1 ¢

mesospheric VERnighttime airglow global distribution, 7 day average at the 2005
spring equinox from SABER (Baket al.,2007).
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A direct comparison ofFigures 5.25and 5.26 with Figures 5.27 and 5.28 is not
possiblefor reasons outlined below and iruoh greater detail i&ection 5.6 however

a numberof similar and corresponding features can be identified. FifSifyre 5.27
shows a clear equatorial peak in the emission rate at all longitudes. This corresponds to
the equatorial peaks in boffigures 5.25and 5.26 The latitudinal extent of these
peaks can also be seen toidentical confined within latitudes of approximatelyp 4.

A minor secondary peak in the emission at-nadhighlatitudes is observed between
longitudes ofp @7 andg 1t%of Figure 5.27which correspond to the secondary mid
latitude peak irFigure 5.26 Beyond these longitudes no appreciable secondary peak in
the emission is observed as suggested in the CMAT2 predictidgrigure 5.25 The
variation in the emissions atid- to highlatitudes appear to follow a wave feature with

a wavenumber 1. This will be further investigate®eattion 5.6

Looking at the altitudinal Hgere3XBitcenbef t h
seen that equatorial peaks occur attwalts lower than at other latitudes at all
longitudes. This is ircompleteagreement with the CMAT2 results Figure 5.25

which shows an altitudinal difference of approximatelly | between the emission

peak at the equator and the emission peakvatt This isalsoin agreement with the

SABER data which shows that the peak VER varies typically between approximately
P aandy gk |.

A more extensive comparison between the CMAT?2 results and the results presented in
Bakeret al. (2007) would be desirable. However, as will be discuss&kdation 5.6

and futher in Chapter 6, CMAT2 is not designed for detailed studies of longitudinal
variations at dixed local time. Any attempt to produce a figure similaFigure 5.27

from CMAT?2 results would be further complicated by the altitudinal variance in the
peak emissions displayed Figure 5.28 making such an effort difficultto justify.
Therefore this comparison with Bakeat al., (2007) results is presented here and only

briefly in Section 5.6
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Cambined June Emizsion
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Figure 5.29: CMAT2 altitudelatitude distribution ofthe combined (* v ¢ and
I ¢ t ¢ nightglow emission rate iR O atm 1E Ol@ral time for June 21,

2008.
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Figure 5.30: SABER altitudelatitude distribution ofthe combined (* v o and

/ ¢ T ¢ nightglow emission rate iA i O atm 7E Ol@ral time for June 21,

2008 recorded by SABER.
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Figure 5.29shows the combined modelled emissions fortfié v o and/ (* 1

¢ bands during the June solstice of 2008 wikilgure 5.30 shows the observed
emissions for the same period. Once again it can be seen that CMAT2 successfully
models the general features of the emission although the strength of the emission is still
approximatelyp® times stronger than the olrged emission amnost latitudesalthough

somewhatess so within th&outhern hemisphere

Both CMAT2 and SABER reveal a number of peaks in the emissions at the equator and
at approximately 1t ttlatitude. In both cases the strongest peak is locateddat
although thesquatorial peak in the CMAT2 emissions is only marginally less than the
northern peak. In both cases the southern peak is the weakest. Looking at the
latitudinal variation in the emissions CMAT2 shows an overall larger variation which is
less smooth thathat demonstrated in the observed emissions. As with the analysis of
the upper vibrational levels it appears that during solsGd¢AT2 predicts increased
levels of/ (* production at the equator. This obscures the smooth transition in the

emission prdfe with latitude shown in the SABER measurements.

A clear altitudinal variation in the emission is visible in both profiles with emissions in
the Northern hemisphergeaking at altitudes surroundimgXE i. The altitudinal
gradient predicted by CMAT?2 isteeper than the observed gradient as the modelled
emissions in the Southern hemispheric peak is located at approxigateliwhile

the observed emission profile shows a peak @ i. As with the previousnalysis

this variation in peak altitudes cdre directly related to the mesospheric circulation
described irChapter 1.
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Caombined September Emission
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Figure 5.31: CMAT2 altitudelatitude distribution ofthe combined (* v o and

I ¢ T ¢ nightglow emission rate iAT O atm 1E Ol@al time for September
21%, 2008.
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Figure 5.32: SABER altitudelatitude distribution ofthe combined (" v ¢ and

I ¢ 1 ¢ nightglow emission rate iAT O atm 1E Ol@al time for September

21%, 2008 recorded by SABER.
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Figure 5.31shows the modelled emission from thé" v ¢ and/ (" T ¢ bands

for the September equinox between 1ilatitude. Figure 5.32 shows the observed
emissions from the SABER instrument for the same period. As with the analysis of the
¢'l channel/ (* w x and/ (* ¢ ¢ it can be seen that CMAT2 successfully
models the overall general features of the emission during the equinox although the

modelled emissions are now typically stronger by a factp@&of

In both the modelled and observed figuraspeak in the emissioaccurs over the
equator at an altitude df € | which is in agreement with the altitudinal predictions of
von Savignyet al. (2012b). At higher latitudes the peak in the emission rises to
approximatelyy ¢ | in both the Northern an8outhern hemispheseshowing a clear
altitudinal variation in the peak emission with latitude. The modelled emission layer is
somewhat thinner than the observed emission layer extendingpfmonw tE [ rather

than the observer  w ¢E I. It is again worth noting here that tlevél of emissions
below( TE | and aboveo ¢ I, in both profiles, contribute only slightly to the overall
total emission. The majority of emissions occur ip # I layer surrounding the

altitudinal peak.

The secondary peak in the observed emissionlprofice again appears in the mid
latitudes and is not predicted by the CMAT2 model. Again this is not entirely
unexpected as the SABER data used to configare 5.31lincludes data from over a
month prior to the actual date of the equinox. These dattharefordikely to include

some features from the previous June solstice maximum in the emission which occurs at

the same latitude as the secondary peak.
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Combined December Emission
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Figure 5.33: CMAT2 altitudelatitude distribution ofthe combined (* v ¢ and

/ ¢ T ¢ nightglow emission rate i i O atm 7E Ol@xal time for December

215 2008.
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Figure 5.34: SABER altitudelatitude distribution ofthe combined (* v o and

I ¢ T ¢ nightglow emission rate iAi O atm 7E Ol@xal time for December

21%, 2008 recorded by SABER.
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Figure 5.33shows the combined modelled emissions fortflé v o and/ (* 1

¢ bands during the December solstice of 2008 whidgire 5.34 shows the observed
emissions for the same period. Once again it can be seen that Cdlikt@ssfully
models the general features of the emission although the strength of the emission is still
approximatelyp® times higher than the observed emission at most latitudes. This

factor decreases in tidorthern hemisphere

Both CMAT2 and SABER reveal a number of peaks in the emissions at the equator and
at approximately t ttlatitude. In both cases the strongest peak is locateddst
although the equatorial peak in the CMAT2 emissions is only marginally less than the
northern peak. In both cases the southern peak is the weakest. Looking at the
latitudinal variation in the emissions CMAT2 shewan overall larger variatiowith

latitude which is also less smooth than that demonstrated in the observed emissions. As
with the analysis of the upper vibrational levels it appears that during spSkET2

predicts an increased level /of(* production at the equator which prevents the smooth

variation in the emission profile with latitude shown in the SABER measurements.

A clear altitudinal variation in the emission can be seen with emissions Mottieern
hemisphereshowing a peak at approximatelyyE | in both profiles. The altitudinal
gradient predicted by CMAT?2 is steeper than the observed gradient. In the modelled
emissions the Southern hemispheric peak is located at approximatgly while the
observed emission profile shows a pealp g€ i. As with the previous analysis this
variation in peak altitudes can be directly related to the mesospheric circulation

previausly described iilChapter 1.

5.5 Summary of Study 2 (5.3) and Study 3 (5.4)

In Sections 5.3and5.4 the results of the CMAT2 modédr 4/ (* emission bandbave

been compared to observations made by the SABER instrument. In general it has been
seen that CMAT2 successfully models a number of the primary features observed in
these emissions including the location of the emission peaks throughout the year, as
well as the altitudinal and latitudinal variations in the emissions with respect to time of

year.
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While these comparisomeay appearepetitive especially considering the similkgrof
features within each of the observed bands described, it is imptotarlude all of

these data to fully emphasise the méslalapabilities. By analysing multiple (*

levels it is possible to test the mo@etapability to predict the general features of the
emissions as well as the magnitude of the emissions fronratiffeibrational levels.

This ensures that the model does not become unstable predicting the lower vibrational

levels.

In total, CMAT2 modelsoc xseparate emission bands from the different vibrational
states of (°, the majority of which do not have dedied observational channels
today. No stringent test of these additional emission bands has been conducted as of yet
although it is reasonably certain that the same characteristics and general features

follow through for all emission bands.

It has beeneen that in all cases the CMAT2 model predicts higher levels of emissions
than those observed by the SABER instrument. This can be attributed to a known
feature of the CMAT2 model which is currently under investigation (Dol#l@g. It

is expectedhat once this issue is resolved, much better agreement will be obtained
between model predictions and measureme@tsce this has been completed it may be
instructive to incorporate additional sources of production. This is discussed in
greater detail n Chapter 6. However to do so at the present time, when the
concentrations of the different vibrational levels are already in excess of the observed

quantities would be difficult to justify.

Finally, this analysis has provided an important check ofonbt the CMAT2 models
capability to predict emission strengths but also to accurately predict the mesospheric
circulation within the atmosphere. From the predicted emission bands it can be seen
that during solstice there is a clear difference in thaudltial profiles of the mesopause

which is in line with observations.

It is worth noting at this time that Smitkt al. (2010) report atomic oxygen
concentrations, retrieved from SABER data, which are typically a factor of between
and v times higher tan the concentrations determined from other measurements
(McDadeet al.,1985; Russelét al, 2005; Mlynczalet al, 2007) and used iempirical
models. These nighiime atomic oxygen concentrations have been derived from the
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SABER observations of the " @ ¢ and/ (" ¢ ¢ bands. While this result
initially appears to support the atomic oxygen concentrations calculated by the CMAT2
model it is doubtful that this is the case. Verification of the SABER results is still
required although at the time of writintpere is no direct reason to suspect the

instrument of being in error (Smitt al.2010).

If these results can be verified from additional measurements, revealing
concentrations in better agreement with CMAT2 predictions, it is still unlikely that
CMAT2 is calculating concentrations correctly. This is because CMAT2 uses initial
concentrations for determined from theMSISE90 empirical model. These
concentrations are a factor of two lower than those predicted from the SABER
measurements and it imlikely that CMAT2 could recover such a large quantity of
atomic oxygen especially over the course of the dieomi model runs presented.
Furthermore, if the concentrations bfderived from SABER measurements are
assumed to be correct, it follows thhe/ (* emissions calculatebly CMAT2 should

also be correct given that both the model and observations exhibit atomic oxygen
concentrations that are a factor of two higher than expected. This would suggest that
some other feature in the atmosphere dated for by CMAT2 is augmenting thie (*

emissions by a factor of two. Inclusion of the reaction

I 1 o
(RS.7)

into the list of reactions required to maintain photochemical equilibrium within the
mesopause, and which is incorporated into the CMAT2lehocould increase the
concentrations of atomic oxygen within the region, although Setith. (2010) suggest

that the increase would be no more thate . As will be detailed later, CMAT2
predicts mesopause temperatures that are approxinmatlyhigha than SABER
measurements which would counteract this effect. Clearly more study in this area is

required.

Studies 1, 2 and 3Séctions 5.2 5.3 and 5.4) have tested the CMAT2 models
capabilities to prediot (* emissions both temporallgiurnal and sasonal variations)
and spatially (altitudinal and latitudinal variations). As such only longitudinal

variations remain to be discussed and are the subject of StGegtiof 5.9.
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5.6 Study 4: Longitudinal Variations in "E£°

In the previous sections of this chapter variations ifi emissions with respect to
altitude, latitude, local time and season have been investigated and in most cases it has
been found that CMAT2 gives reasonable agreement with the observed featumes withi
the emissions. In this section thengitudinal variation in/ (* emissions will be

investigated.

Bakeret al. (2007) presents SABER observations of the longitudinal distribution in the
/ (v o and/ (T ¢ emissions during spring equinox conditioffhese results
have already been discussedSaction 5.3in relation to altitudinal and latitudinal

variations.

Xu et al., (2010) performed aore extensive analysis of the longitudinaliations in

/ (* emissions using SABER data from 268208. In this analysis six 40-day
intervals were chosen centred on days 15, 75, 135, 200, 260 and 320 of the year.
Profiles within these data for which the local time was within 2 hours of midnight were
used to construct images of the longitudinal variations it tllew x and/ (¢ @

@ emissions betweenu dl latitude.

Figure 5.35shows the results that correspond closest to equinox and solstice conditions
from Xuetal.( 20210) . On the |l eft ar/e emissionsght n
have been integrated fropmu p T E I between v & latitude. On the right are
individual profiles of the longitudinal variations in the emissions at latitudesiruh

and ¢ i
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Figure 5.35: (left panels) Maps of tday average8t'i / (“w x and/ "¢ @
airglow brightness for periods(March, July, September and Januaaygraged from
¢ T tag 1 Tupd. tov d3. (right panels) Thé (* airglow brightness at . , 11,
and¢ ©@3. (Note that the scales of the plots differ) @al.,2010).

A number of features are evident within the data including a strong equatorial
enhancemenduring equinox conditionsalso observedn Figure 5.27. The level of
emissions during the March equinox is stronger than at any other time of year, including
the Septembegquinox. Airglow features during both solstices are significantly weaker
than at equinox, especially over the equator, where the difference isaujadtor of

two. These seasonal variations in th€ can be attributed to seasonal changes in the
diurnd tides which are known to have largest amplitudes during equinox (MaEh

2006) and will be discussed in more detaibection 5.7

In the right panels dfigure 5.35are 3 individual longitudinal profiles for both equinox

and solstice conditions which are used to identify waves features within the emissions.

In the majority of these profiles a wavenumber 4 feafdreomplete periods over the

full range of longitude)can be identified. The equatorial profiles also show a

wavenumber 1 feature. This is most evident in NMerch equinox andDecember

solstice profiles ofigure 5.35and in the midto highlatitude regions oFigure 5.27

Figures 5.36to 5.39 show indvidual longitudinal profiles for the combinéd(* w

X,/ ¢ @ ¢ emissions, produced by CMAT?2, for equinox and solstice conditions of

2008. The three profiles in the right panels of each figure represent latitudes of
¢ dhhand ¢ tand each emissiorrgfile has been integrated frognu p T [ in

line with the profiles seen iRigure 5.3%.
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Figure 5.36: (left panel) CMAT2 longitudinal profile of (* w x and/ ¢ o
airglow brightness foMarch equinox 2008p &. touv &3. (right panels) Thé (*
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Figure 5.37: (left panel) CMAT2 longitudinal profile of (* w x and/ ¢ o
airglow brightness for Juneolstce 2008;u d@. tou d3. (right panels) Theé (°
airglow brightness at 1. , 1, and¢ 3.
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It can be seen that while CMAT2 predicts average emissigld that are a factor of

two higher than observations, as expected, it does not produce the same level of
variability within the longitudinal profiles revealing only a stationary wave with
wavenumber 1 at all times of the year. While this result ispd@ating it is worth
considering that a 6ébroadstrokesd6 compar
of the mid to highlatitude regions presented iRigure 5.27 both reveal this
wavenumber 1 feature. This suggests that CMAT2 can replicate thefdmisices of

the state of the atmosphere on a global scale but not the level of complexity and detalil
necessary for a comparison with the observations presented éh &u(2010). This

can be seen more clearly figure 5.40which shows the corresponding temperature

variations with magnitudes of only a few Kelvin.

It is possible that the lack of variability within the CMAT2 model results is a
consequence of an inadequate reprediem of the migrating and nemigrating tices

within the model. Given that data used to constrigtire 5.40 aret Tday average
profiles surrounding local midnight, for approximately equinox and solstice conditions,
only minor variations in the migrating tides are expected in the individualtimhgal

plots during equinox and solstice (right panels). The effect of the migrating tides on
/ (* emission can be determined from a comparison of the global plots (left panels) as
the tides have a strong seamnual variation with maxima at the equinox¥s et al.,

2009).
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However variations in thé (° emissions resulting from the nemigrating tides should

be evident in the individual longitudinal plots (right panels). This is clear from the
results displayed irFigure 5.35where Xuet al (2010) identify the nonamigrating
diurnal (DO), westward wavenumber 2 (DW2) and eastward wavenumber 3 (DE3) tides

in the individual longitudinal plots.

Since CMAT2 does not include a troposphere, in order to simulate tidal effects in the
atmosphere, tidal forcingt the lower boundary is taken from the GSWM model (Hagan
et al.,, 1999). More details on odelling tides are presented Haganet al., (1995).
However Marshet al. (2006) and Roble and Shepti€1997) report that the diurnal
amplitude should be doubled order to give better model data agreement within the
mesosphere. Within the CMAT2 model this scaling factor has not been incorporated.
Therefore it is suspected that CMAT2 underestimates the effects of tides within the
mesosphere and as such the algits of the mesosphere ynaequire further

investigation and refinement

The lack of variability within the CMAT2 profiles may also be attributed, at least in
part, to the size of the CMAT2 model grid. As describe€lvapter 2, the CMAT2
standard modegrid hascJ latitudinal,p @longitudinal, ancgpfo scale height<( ¢ E 1)
resolution. Thus the model hasgatitudinal grid points¢gp altitudinal points, but only

¢ mtongitudinal grid points. This makes the model less ttaalfor detailed studiesfo

longitudinal variations.

Furthermoreit should be remembered that CMAT?2 is not typically designed for such
an analysis. CMAT2 is designed to predict global distributions of atmospheric
constituents at a particular time of day in Universal Time (UA).any model timed

the¢ tongitudinal grid points therefore correspond;tadifferent local times. In the
above analysis it was required that all longitudes retain the same local time (local
midnight). This is a trivial task when looking at observational data, as these data can be
binned according to local time. However, thssdifficult to produce from CMAT2
results. Retaining a specific local time can only be accomplished within CMAT2 by
extracting discrete profiles for each longitudinal point avamodel time steps. At

each step a progression in longitude is matched Bgeession in universal time in

order to retain a local time that is withgntminutes of local midnight.
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Figure 5.40 from Xu et al. (2010) shows temperature distributionsyage | which
correspond to the data presentedrigure 5.35 Wave features wh wavenumbers 4
and 1, are evident in the individual longitudinal profil€ésgures 5.41to 5.44show the
corresponding temperature profiles produced by CMAT2.
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Figure 5.40: (left panels) Maps of tday average temperatures tgoeriods averaged

from ¢ 1t 1T TTUPG. touv @3. (right panels) The temperaturescatt. , 1J, and
¢ ©@3. (Note that the scales of the plots differ) (&al.,2010).
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Figure 5.41: (left panel) CMAT2 longitudinal profile of temperatures fivtarch
equinox 2008p §. touv d3. (right panels) The temperaturegait. , 1J, and¢ @3.
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Figure 5.42: (left panel) CMAT2 longitudinal mfile of temperatures for Jursslstice
2008;u d. touv d3. (right panels) The temperaturegatt. , 11J, andg 3.
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Figure 5.43: (left panel) CMAT2 longitudinal profile of temperatures f®eptember
equinox 2008p ¢. touv d3. (right panels) The temperaturegait. , 1J, and¢ @3.
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Figure 5.44: (left panel) CMAT2 longitudinal profile of temperatures December
solsice 2008, @. touv @3. (right panels) The temperaturegait. , 1tJ, andg 3.

It is clear that the CMAT2 model does not predict the same level of variation in the
temperature profiles revealed in the SABER data. Examinatiéiigofe 5.40shows

that SABER observes variations in temperature of up t® within ¢ @s longitude.
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CMAT2 does not predict temperature variations greater divam the same interval.
Therefore in its current iteration CMA2 cannot produce the same wdke feaures
in the temperature profiles observed in SABER data. The same is true for the volume

emission rates profiles of (* which are temperature depentle

As with the/ (* emission rate profilest may be possible that the lack of variation in
CMAT?2 temperatures is a result of inaccurate representations of the tidal features
within the model for the@easonsdetailed previously. This further suggests that the
CMAT2 modets mesospheric dynamical routtheequire further investigation and

refinement

Onceagai n, a Obroadstrokesdé comparison of
profiles does reveal some similar features. During equinox in both sets of data
temperatures are highest surrounding the equator while at solstice additional peaks in
temperatures arebserved in the winter hemispheres. This feature is expected in the
mesopause region and supports the suggestion that the general features within the

atmosphere can be predicted well by CMAT?2.

CMAT2 does offer alternative grid sizes which carapplied to model runs which may
improve model data agreement slightly. Howewsance any increase in longitudinal
resolution would have to be accompanied by a decrease in either latitudinal or
altitudinal resolution alternative grids have not, at theetwh writing, been applied to

the model runs.

Given the relative success of the model thus far, it is reasonable to investigate variations
in the emissions as a result of altered atmospheric parameters on a global scale. With
this in mind the followingsections of this chapter will look at the effects of tides on the

level of/ (* emissions within the atmosphere.

5.7 Study 5: The effect of tides on the combined diurnal

emission from the"E€* and "E&° transitions

In this section the effecif the migrating tides on the local time variability of the
emissions is examined. In order to accomplish, tthe results from two model
simulations will be presented. The first simulation represents a standard run in which

all tidal features are present and operational. The second simulation is whihn
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both the diurnal and serdiurnal tides have been mlinated from the model run. This

was accomplished by zonally averaging the solar and chemical heating rates at all points
within the model grid and subsequently turning off all tidal forcing routines at the lower
boundary. This method of eliminating tglleaspreviously been described in Marsh

al. (2006). As CMAT2 is suspected to underestimate tidal features in the mesopause
atmospheric temperatureare also zonally averaged to eliminate temperature
dependence of reaction rates making the CMAT2 resutire comparable with other
models. The model results presented are for the equator andf@and were chosen

for comparison with the ROSE chemical modetcribed in Rose and Brassél®89),
Marshet al.(2001) andMarshet al. (2003).

Figure 5.45shows the local time variability of the combined” w x and/ (¢ @

@ volume emission rate as simulated by the CMAT2 model at altitudestbfi,

Py | andp TE | over the equator on the ¥2of April 2002. The solid line
represents the standard modet,rincluding tidal features, while the dashed line shows

the results of the second simulation in which all tidal features haverbemved The
modelled temperatures at these altitudes are also displayed as are the modelled atomic

oxygen mixing ratios.
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Figure 5.45: Simulated nocturnal variation in equatorial’ w x and/ ¢ @
emissioninp p 1 A OTAD T0at altitudes ofp fip yandp T E i on 22" April 2002

Solid line is for standard simulation while dashed line is for simulation without diurnal
or semidiurnal iles. Simultaneous temperatyraiddle) and atomic oxygen volume

mixing ratio (bottom) variations are also shown.

These simulations show that the diurnal and semidiurnal tide affects the emission
substantially. At tE |, the eliminationof tides from the model run can be seen to
reduce the emissions by a factoroaduring the night while ap g I this increases to
almost a factor of. Atp TE I, CMAT2 predicts that the emission rate is already
extremely low however the elimination oftides from the model can still be seen to

reduce the level of emissions even further, again by a factor of

At both tTandy (E I the/ (* emission rate follows both the trend in temperature and

in the atomic oxygen mixing ratio as expected. Lookingodumn one ofFigure 5.45
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it can be seen that in the standard model run the peak in temperature corresponds to the
peak in atomic oxygen mixing ratio and that the level ¢f emissions is also quite

high. In the second model run, in which tides havenleminated, the temperature
profile flattens as does the atomic oxygen mixing ratio although not to the same extent.
The/ (* emission rate closely follows tlemixing ratio and both exhibit peaks at
approximatelyt E Ob@fore local midnight. A similarend can be seen in column two

of Figure 5.45aty (£ | although at altitudes above this,patt E |, this relationship

does not hold anthe/ mixing ratio no longer follows the temperature variation.

The reduced emission rates predicted by the CMATA md in the seconcd
simulation can be explained using the mechanism described by Maedh(2006).

After sunset, due to the absence of incoming solar radiation, atomic oxygen is no longer
produced via photolysis reactions and its concentration starts to decrease as it is
consumed primarily via chemical reactions with molecular oxygen, ozonebaifu
vibrationally excited and ground state hydroxyl. The lifetime of atomic oxygen can be

therefore expressed simply as

t Q1 - 9 1 - 9
(5.1)

wheret is the lifetime of atomic oxygerQrepresents a reaction rate while , /

- and/ ( represent the concentrations of molecular oxygen, ozone, the atmospheric
density and both ground and vibrationally excited hydroxyl respectively. When
calculated; is found to bep hours atp 1E [, p day aty (i | andg months ap TE |

(Marsh et al., 2006). Without advection or diffusipithe level of atomic oxygen is
therefore expected to decrease over the course of the night at these altitudes. At lower
altitudes where the densities of the reactants are higher the consumption iaf atom
oxygen proceeds faster. Given that the level ¢f emissions is proportional to the
amount of atomic oxygen, a decrease in the emission rafeg’d§ therefore to be

expected in the d6éno tidesd model run.

However consideration of the above is r@tough to explain the substantial increase in
the | evels of emi ssions at the equator

ti desd retah(2006) 8liggessshhat the differences in the level of emissions in

/ (C can further be attributed tmdreasing atomic oxygen concentrations within the
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region despite the absence of a photochemical source and suggest that a dynamical
source of is involved. A downward wind could result in the increased temperatures
observed in the standard runs surrongdiocal midnight through adiabatic heating.

This would also lead to increased concentrations of atomic oxygen, since its mixing
ratio increases with altitude, and explain the increasédemissions atp 1€ | and

PUEI. AtpmmtEiwhere the temperatures of the st

tided run an alternative explanation i s |

Writing the production of (* at this altitude as

~ ~

0 0 /-
(5.2)

where the symbols have their usual meanings Matsdl. (2006) show that with the

<, - - - 8 -
reaction rateQ , which is given byp8t p m — , adrop in temperature of

¢ T+ increases the reaction rate by ~29%. Also, assuming a constant pressure at
p TE | a decrease in temperaturecoft would increase the relativeedsities of the
chemical species involved in (* production and as such increase productioh ¢f

by up to ~37%Marshet al.,2006). Thereforeat all altitudes tidal features tend to

increase the level df (* although via different mechanisms.

Figure 5.46 shows the local time varidlly of the same emission as simulated by the
ROSE chemical model and published in Maethal. (2006). The standard line
represents the standard model run, the dashed line represents a run in which tidal
features have lem eliminated while square boxes represent SABER measurements.
The dotted line represents the expected change(irdue solely to losses in atomic

oxygen.
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Figure 5.46: Simulated nocturnal variation in equatorial’ w x and/ ¢ @
emission ip  p ™ A OTAD ¥Oat altitudes ofp tip yandp TE i. Solid line is for
standard simulation while dashed line is for simulation without diurnal or semidiurnal
tides. Dotted line represents expected dropnighttime emissions due only to
chemical loss of atoim oxygen. Simultaneous temperatugeiddle) and atomic
oxygen volume mixing ratio (bottom) variations are also shown. SABER observations

areshown for comparison (squarédarshet al.(2006).

ComparingFigures 5.45and5.46it can be seen that at altimides there are a number
of differences between the CMAT2 model results, ROSE model results and SABER

measured profiles although the general trends displayed in each are quite similar.

Firstly, in the standard run, at altitudes pfiE | and Y yE | the CMAT2 model

overestimates the (* emission rates by at least a factor of two, as has been established

in the previous sections of thchapter. InFigure 5.46the standard run of the ROSE
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model tends to underestimate the number of emissions at thesealtdotes by
approximately the same factor when compared to the SABER measurements. At
p TE | the CMAT2 model predicts only negligible emissions fron® while both the
ROSE Model and SABER measurements show small, but not insignificant emission

rates.

The temperature and atomic oxygen mixing ratio profiles produced by both models can
help explain these differences. While both the CMAT2 and ROSE models accurately
reproduce the general trend in temperature, they both underestimate the magnitude of
the tenperature variations at all altitudes. Temperature variations of approximately

¢ 1+ are typically produced by both models while SABER measurements show
temperature variations of up tot#. It has already been shown how temperature
variations affect e mi ssi ons | evel s. I n the dédno ti
temperatures that are approximatelyt higher than the ROSE model contributing to

the increased levels of emissions.

Of greater significance is the variation in the atomic oxygen misatigs predicted by

both models. It can be seen that at hpti | andy (E | that the general trend in the
atomic oxygen mixing ratio profiles are quite similaowevey the magnitude of the

variation is somewhat larger in the results of the ROSE model.

The/ mixing ratio profiles atp € | produced by both models reveal that the CMAT2
model predicts a mixing ratio that is approximately a factor of two larger than that
predicted by the ROSE model throughout the course of the night. This is a significant
variation in the mixing ratio and certainly contributes to the substantially higler
emission rate profile generated by CMAT2 model. YAYE | the/ mixing ratios
produced by both models are in better agreement although CMAT2 still predicts a
slightly higher mixing ratio. Ap Tt E I the trend is now reversed and CMAT2 predicts

an atomic oxygen mixing ratio that is a factor of two less than that prddoy the
ROSE model. This result explains why the CMAT2 model predicts only negligible
levels of/ (* emissions above Tt & | while the ROSE model produces small but not
insignificant levels of emissions. Clearly the ROSE model predicts a much steeper

gradient in the atomic oxygen mixing ratio profiles than CMAT2.
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Notwithstanding the differences in the model results presented above it is worth noting
that aty JE |, where the atomic oxygen mixing ratios predicted by both models are in
close agreement, bothe CMAT2 model and the ROSE model predict almost identical
levels of "emi ssions in their oéno tideo6 model
suggests that differences in the results of both models can be attributed primarily to
differences in tB dynamical routines utilised by the models rather than any missing

photochemistry.

In the above analysis only the emission profiles over the equator have been considered.
Therefore the analysis is repeated and results from thelatitide regions wére tidal

effects are at a minimum are presented.

Figure 5.47shows the local time variability of the combined” w x and/ (* @

@ volume emission rate as simulated by the CMAT2 model at altitudgstbfi,

W U i andp TE i atv Y3 on the 229 of April 2002. The full line represents the
standard model run, including tidal features, while the dotted line shows the results of a
second simulation in which all tidal features have been eliminated. The modelled
temperatures at these altitudes are also dieglag are the modelled atomic oxygen

mixing ratios.
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Figure 5.47: Simulated nocturnal variation in 8 / (" w x and/ C ¢ @
emissioninp p 1 A OTAD TOat altitudes ofp tip yandp T E | on 22" April 2002.
Solid line is for standard simulation while dashed line is for simulation without diurnal
or semidiurnal iles. Simultaneous temperatyraiddle) and atomic oxygen volume

mixing ratio (bottom) variations are also shown.

Once again these simulations shivat the diurnal and semidiurnal tide affects the
emission. At 1E [ the elimination of tides from the model run can be seen to reduce
the emissions by a factor ofduring the night, while ap JE [ this increases to almost a
factor ofo. Atp T E | CMAT?2 predicts that the emission rate is already extremely low

and the elimination of tides from the model reduces the level of emissions even further,
by up to a factor of.

The level of variability in thd (* emission shown irFigure 5.47 is unexpected

considering the relatively minor variations in both temperature and atomic oxygen
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volume mixing ratio(vmr). At bothy tandy (E i the/ (* emission rate follows the
trend in the atomic oxygen mixing ratio, as is to be expected, although the variation in
the atomic oxygen mixing ratio is naotery large Looking at column one dfigure

5.47, the standard model run shows an increase in atomic oxygen mixing ratio with
local time up to approximately two hours before local midnight corresponding to an
increase irthe level of (* emissions. Howevethe magnitude of the increase in the

vmr cannot explain the increase in the level df emissions. The tidal routine within
CMAT2 therefore augments the level of emissions via a different mechanism. This

mechanisnhas yet to be determined.

In the second model run, in which tides have been eliminated, neither the temperature
profiles nor the atomic oxygen mixing ratios vary significantly due to the fact that tidal
amplitudes are low at these latitudes (Maeshal, 2006). This represents an ideal
location to test the validity of model chemical scheme as tidal features should have little
impact. Figure 5.48shows the local time variability of the same emission as simulated

by the ROSE chemical model and publishedviarsh et al. (2006). The solid line
represents the standard model run, the dashed line represents a run in which tidal
features have been eliminated while square boxed represent SABER measurements.
The dotted line represents the expected change(irdue solely to losses in atomic

oxygen.
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Figure 5.48: Simulated nocturnal variation io 8/ " w x and/ C ¢ @
emission ip  p m A OTAD ¥Oat altitudes ofp tip yandp TE i. Solid line is for
standard simulation while dashed line is for simulation without diurnal or semidiurnal
tides. Dotted line represents expected dropnighttime emissions due only to
chemical loss of atomic oxgg. Simultaneous temperatu(middle) and atomic
oxygen volume mixing ratio (bottom) variations are also shown. SABER observations

areshown for comparison (squardgd)arshet al.,2006).

An initial comparison ofigures 5.47and5.48 shows that in the standard model run,
and at this latitudethe ROSE model performs better at predictin¢f emissions than

the CMAT2 model. Yet the ROSE model still tends to underpredict the level of
emissions by a small amount. CMAT2 successfully predicts the trénd‘iemissions

although not the magnitudé the emission.
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At  TE |, CMAT2 predicts emissions that are approximately a factor of 10 higher than
those predicted by the ROSE model and recorded in SABER measurements. This is
one of the most substantial differences in emission magnitudes obsevaektbeing
produced within the CMAT2 model results. This variation can be attributed to
substantial differences in the atomic oxygen concentrations at this latitudleguhes

5.47 and5.48it can be seen that CMAT2 predicts an atomic oxygen volumégnix

ratio that is up taptimes higher than that predicted by the ROSE model at this
particular latitude. While this appears excessive it should be remembered thaetSmith
al. (2010) report diurnal variations in atomic oxygen concentrations that varg tiya

factor ofp m When this is combined with the fact that the CMAT2 modelled
temperatures are predicted to et higher than ROSE model predictions gnat-

higher than SABER measurements these factors combine to substantially increase the

level of/ (* emissions at this altitude.

As in the previous case, at rd@titudes, the reverse is true @trt E | where the
CMAT2 model predicts an atomic oxygen volume mixing ratio that is a factor of two
lower than that predicted by the ROSE model. The substantially lowexing ratio

at these higher altitudes significantly reduces the levél Gfemissions pmicted by
CMAT2.

The best comparison exists (ate | where both the temperature profile and atomic
oxygen mixing ratio profile predicted by both models are in close agreement. While the
standard model run performed by CMAT2 still produces emissionsitbahore than a

factor of two higher than those predicted by the ROSE model and SABER
measur ement s, the O6no tidebé model run g
agreement with those predicted by the ROSE model and recorded by the SABER
instrument. Threfore it must be assumed that the tidal routine alters the level(bf

emission via another mechanism.
5.8 Summary of Study 5 (Section 5.7)

In Section 5.7the diurnal variability of thé (* airlgow emissions was analysed and the
results of the CMATZnodel were compared to the results of both the ROSE chemical
model and SABER observations. Based on the results of previous studies conducted in
this chapter it was expected that at mds the CMAT2 model would owgredict the
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