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SCIENCE OBJECTIVES: THE COUPLED IONOSPHERE THERMOSPHERE MESOSPHERE SYSTEM
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BASIC THERMOSPHERIC PHOTOCHEMISTRY
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Temperature Structure of the Atmosphere

Range of
variability
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Temperature structure of the atmosphere and nomenclature for those
regions defined by the temperature structure. The TIMED Mission will
pnsvide the first comprehensive experimental investigation of the critical
transition region characterized bythe most rapidly changing lapse rates in
the Earth's atmosphere. Regions mentioned by other NASA missions
are indicated.
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WHY IS PHOTOCHEMISTRY IMPORTANT?

COMPOSITION AND TEMPERATURE:

PHOTOCHEMISTRY PLAYS A FUNDAMENTAL ROLE IN CONTROLLING

SPECIES ABUNDANCE AND THERMAL STRUCTURE, (ENERGETICS)

AND IS AN IMPORTANT ENERGY SOURCE THAT DRIVES DYNAMICS.

PHOTOCHEMICAL - DYNAMICAL COUPLING:

VAIUATIONS IN CHEMICAL COMPOSITION RAPIDLY INFLUENCE THE

THERMAL STRUCTURE AND DYNAMICS OF THE MESOSPHERE AND

LOWER THERMOSPHERE, AND VICE-VERSA

ENERGETICS:

PHOTOCHEMICALLY PRODUCED MINOR CONSTITUENTS PLAY

IMPORTANT ROLES IN CONTROLLING ENERGETICS

CONSTITUENTS ABSORB SOLAR AND CORPUSCULAR ENERGY,

RESULTING IN EXCITATION, DISSOCIATION OR lONIZATION WHICH

CAN BE COLLISIONALLY TRANSFERRED EITHER LOCALLY OR NON

LOCALLY TO THE SURROUNDING ATMOSPHERE RESULTING IN

HEATING.

PHOTOCHEMISTRY PLAYS A CRITICAL ROLE IN DETERMINING THE

PARTITIONING AND REDISTRIBUTION OF THE ABSORBED ENERGY,

AND HENCE THE EFFICIENCY OF CONVERSION TO HEAT.

RADIATIVE LOSS IS THE PRIMARY COOLING PROCESS AND THIS TOO

IS CONTROLLED BY PHOTOCHEMICAL INTERACTIONS.



WHY IS PHOTOCHEMISTRY IMPORTANT?

(Continued)

GENERATES OBSERVABLES:

INVERSE PHOTOCHEMICAL MODELING OF MEASURED AIRGLOW,

AURORAL EMISSIONS AND ELECTRON DENSITY PROVIDES A

POWERFUL APPROACH FOR DETERMINING MANY GEOPHYSICAL

PARAMETERS E.G. COMPOSITION, TEMPERATURE AND ENERGY

INPUTS.



ADVANTAGES OF A QUANTITATIVE

UNDERSTANDING OF PHOTOCHEMISTRY

• PHOTOCHEMISTRY IS FUNDAMENTAL TO ALL MLTI

MODELING.

• PROVIDES A POWERFUL MEANS FOR RETRIEVING KEY

PARAMETERS FROM BOTH ORBITAL AND GROUNDBASED

MEASUREMENTS OF PLASMA DENSITIES AND RADL\TION

FIELDS.

• KNOWLEDGE OF NEUTRAL (AND ION)
COMPOSITION, TEMPERATURE AND INPUT

ENERGY FLUXES WILL PROVIDE CRITICAL

TESTS OF GLOBAL MODELS.

-E.G. THE TIE-GCM REQUIRES ENERGY INPUTS AND

PROVIDES COMPOSITION AND TEMPERATURE AS

OUTPUT.



I
JZ
W)

'5
X

at

OC
4-t

c
a>

3

300

290

280

270

260

250

240

•

92088

•

' XA' •

A •

'A

• A)r •'

I /St: •

ARetrieved

•MSIS

^ISO Data

1000 2000 3000 4000 5000
Intensity (Rayleighs)

6000

400

300

-8 200
•5

<

100

0

- \ '
1 1 1 1 . 1

1 \ N.
S N.

: S. N.

- ^
~ N N.

—

\ N.

- ^
N N.

• \

V,

: MSIS

L Retrieved

. .... 1

10" 10^"
Atomic Oxygen (cm')

11
10' 10

400

-8 200

MSIS

Retrieved

200 400 600 800 1000 1200

Temperature (K)

400n

•8 200

- Retrieved

10" 10" 10'" 10^
Molecular Nitrogen (cm')



260

bD

<D

DC

% 240
Pi

g
00

220

92086
' r ''''''' ' '-r- ' ' ' ' ' . 1 M

1

• 1

Retrieved
-

Q4SIS I

^SO Data
-

Oi-i^ '

1000 2000 3000 4000 5000
Intensity (Rayleighs)

6000

•S 200

— Retrieved

10" 10" 10^" 10^
Atomic Oxygen (cm')

MSIS

Retrieved

•S 200

200 400 600 800 1000 1200
Temperature (K)

400

300

-S 200
3
•zJ

<

100

0

1—1 IVJ HII[ V I r 1 1 IIII| 1 1 1 1 III>| 1 1 11 1 11 llj 1 t 1 1111I , , , ,

: \ \ -

N "

-

-

"

-

s J
\ N. -

S I

• N,
-

N N.

I \ -

\ N. -

V -

: — MSIS

L— Retrieved

t . t 1 "

10' 10' 10" 10"
Molecular Nitrogen (cm')

lO''' 10^
-3n

12
10



STATUS OF PHOTOCHEMICAL

UNDERSTANDING

UPPER THERMOSPHERE:

GOOD QUANTITATIVE UNDERSTANDING.

LOWER THERMOSPHERE:

• MUCH IN COMMON WITH UPPER THERMO

SPHERE - BUT UNPROVEN UNDERSTANDING.

MESOSPHERE:

RELATIVELY GOOD CONCEPTUAL UNDER

STANDING.

POOR QUANTITATIVE UNDERSTANDING.
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Conclusions

TheISOhasobtained thefirstbroadband spectra of the
thermospheric dayglow emissions, providing a database with
considerable potentialfor constraining photochemical
models. The agreement between measurement and model for
the 12majordayglow features shown in Figures 3 and4 is
surprisinglygood (better than a factorof2). There are, of
course, many details and subtleties that must be studied and
for whichthis multiparameter database canprovidesubstan
tialconstraints. Weconclude thatthe basicthermospheric
photochemisoy established on diebasis of theAtmosphere
Explorer database explains a largenumberof thermospheric

Hg. 2. Example of thespectra obtained at different tangent
ray heights in the course of the roll maneuver. While the
absolute scaleis thesamefor each, the various spectrahave
offsets added in order to display the data.
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Fig. 3. Comparison ofmeasured and modeled slant path intensity fon 017774 A, 016300 A,015577 A, 012972 A,
NI5200 A, and IN 3914 A. The variadon ofsolar zenith an^e is shown on the right-hand axis ofthe 3914 Apanel.
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emissions measured withan entirely different typeof instru
ment almost 20 years later. This means that we ate now in a
gpod posidon to similariyestablishthe photochemistry of the
lower thermosphereand mesosphere.
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PHOTOCHEMICAL SYSTEMS

MAJOR SPECIES (O, O2, N2)

RESERVOIR MOLECULES (eg. H2O, H2)

METASTABLE NEUTRALS

PERMITTED EXCITED STATES

ODD HYDROGEN FAMILY

ODD OXYGEN FAMILY

ODD NITROGEN FAMILY

METALLIC NEUTRALS AND IONS

MAJOR AND MINOR IONIC SPECIES

METASTABLE IONS

CLUSTER IONS

TRACER SPECIES



MESOSPHERE LOWER THERMOSPHERE PHOTOCHEMICAL SYSTEMS

SYSTEM MEMBERS REGION ROLE

MAJOR SPECIES 0, 02, Nz MLTI ENERGY ABSORBERS, REACTANTS
START OF PHOTOCHEMICAL CHAIN

METASTABLE

NEUTRALS

0(lD), 0(1S), N(2d), N(2p) MLT ENERGY STORAGE/TRANSFER

N(2P), N2*(V), 02*(V), N(2a) KINETICS MODERATORS

02(A, A' ,C1 , a, b), OH* RADIATORS/HEAT LOSS

C02(VIB) OBSERVABLES

EXCITED STATES 0, 02, N2, N, oh, no RADIATORS/HEAT LOSS

METASTABLE SOURCES

ODD OXYGEN (Ox) 0 M SINGLE SOURCE OF O3
KEY REACTANT

RADIATOR/HEAT SINK

CHEMICAL HEAT SOURCE

03 M, STRAT UV ENERGY ABSORBER, RADIATOR, REACTANT
CLIMATOLOGY CONTROL

D REGION ION CHEMISTRY

ODD HYDROGEN H, OH, H02, (HOx) M CATALYTIC Ox DESTRUCTION

CHEMICAL HEAT SOURCES

HOx RESERVOIRS H20, H2 HOx PHOTOCHEMICAL SOURCES

ODD NITROGEN N, N(2d), N(4S), no, N02 LT HEAT SOURCES AND TRANSFER, REACTANTS

N(2D) LT OBSERVABLE FOR N0+

NO LT SOURCE OF N0+

MLT RADIATOR/HEAT SINK

MLT SOURCE OF STRAT NO

STRAT 03 CATALYTIC DESTRUCTION

METALLIC NEUTRALS Na, Ca, K, Fe M OBSERVABLES/TRACERS

MAJOR IONS 0+ 02+, N0+, N2+ MLTI REACTANTS/HEAT SOURCES

MINOR IONS N+ LT MINOR REACTANT

METASTABLE IONS 0+(2D) LT CHEMICAL ENERGY TRANSFER

0+(2p) T LT COMPOSITION MONITOR

METALLIC IONS Ca+, Mg+, Fe+ MLTI DYNAMICS TRACERS



THE HYDROGEN-OXYGEN SYSTEM

Odd Oxygen Photochemistry (Chapman, 1930)

Hydrogen-Oxygen (Bates and Nicolet, 1950)



DOMINATES ODD
O DESTRUCTION

DOMINATES
Hp IN SPE

SPE

DOMINATES ODD H
DESTRUCTION AND
HENCE HgO DURING
OMYTIME

(SPE =SOLAR PROTON
EVENT)

NSOURCE
OF ODD H

HaO

08-«>M
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edoy meIo^
DIFFUSION SPHERE

DAY hy

HOs.OH

NIGHT
Oa*M
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T NIGHT
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DOMINANT AT NIGHT

INATES AT
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DESTRUCTION DURING
DAYTIME
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ROLE OF KEY OXYGEN-HYDROGEN CONSTITUENTS IN THE MLTI

ID 1 KEY PROCESSES REGION KEY ROLES

0 0 + hv LTI Ion Chemistry; Photoionlzation —> 0+(4S, 2d, 2p)
0 + N2+ LTI Ion Atom interchange Conversion of N2+ to N0+
0 + e —> 0* + e LTI Source of Excited Metastable 0(1 D), OCS) and Permitted States
0* ^ 0 + hv LT Radiative Sink

0 + X* ^ X + 0 LTI Quenches N2(A), 0(1 D, IS), N(2D, 2p), o+(2d, 2p), N2*, O2*
LT Heat Source

0 + 0 + M ^ O2 MLT Heat Reservoir; Source of 02(Cl, A, A*) Precursors to Several
emissions

0 + O2* O2' MLT Quenches 02(A, A', Cl, a, b)
0 + O2 + M —> O3 MLT Only Source of Ozone —> Primary Mesospheric Heat Source

0 + O3 -> O2 + O2 MLT Destruction of Ox

0 + OH ^ H 4- O2 MLT Step In Catalytic Destruction of Ozone and Ox Loss Cycle
MLT Heat Source

0 + M ^ 0* + M MLTI Fine Structure Excitation

0* -> 0 (63 tim) MLTI Fine Structure Cooling
0 + CO2* —> CO2 + 0 MLT Energy Transfer to CO2 —> Radiative Loss

O3 03 + hv-^0(lD)
+ 02(1 A)

M Absorption of UV Energy; Mesospheric Heat Source + Excitation
Radiative Loss —> Heat Sink and Observable Emissions

UV Absorption Observable Signature for 03 Measurement

H2O H20 + hv-»0H + 0 MLT Source of Mesospheric HOx; Drives Hydrogen-Oxygen Chemistry
H20 + 0("ID)^ MLT Minor Source of Mesospheric OH

H2O + 02"'" + e —> MLT O2 + H + OH; Storm Time Enhancement of HOx Through Ion Clusters

H H + O3 OH* + O2 MLT First Step in Catalytic Destruction of 03; Heat Source
Source of Melnel Bands 03 Destruction Rate or H Density

H + HO2 H2O +0 M HOx Destruction

H + O2 + M HO2 M HOx Partitioning
OH OH + 0 ^ H + O2 MLT 2nd Step in Catalytic Destruction of 03; Heat Source *****

OH Moderates the NO and Cl Anthropogenic Cycles in the Strat.
OH + OH ^ H2O +0 M HOx Destruction

OH + HO2 H2O + O2 M HOx Destruction

MLT MEASUREMENTS OF H, OH, 0 AND H2O ARE SPARSE.



CATALYTIC DESTRUCTION OF ODD OXYGEN

BY ODD-HYDROGEN

O3 + H ^ OH + 02 HO2 + O OH + O2

OH + O H + O2 OH + O H + O2

H + O2 + M ^ HO2 + M

0 + 03^ 2O2 0 + 0-^02

PRODUCTION AND DESTRUCTION OF

ODD-HYDROGEN RADICALS

H2O + H + OH

kH2O +0(1D) OH +0H*^>2)

ka
HO + HO2 H20 + 02

k
OH + OH _9^H20 + 0

H+H02-^H20 +0

H + HO2 H2 + O2



WATER VAPOR

The upward transport of H2O is balanced by
photochemical conversion to H and H2 via

HiO + Av ^ H + OH

OH + O H + O2

H20 + 0 - 2H + O2

H2O + hv H + OH

O + OH - H + O2

H + O2 + M - HO2 + M

H + HO2 —> H2 + O2

H2O + O —^ H2 + O2
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In the paper "The Vertical Distribution of Ozone in the Mesosphere and Lower Thermo-
sphere" by M. Allen, J. I. Lunine, and Y. L. Yung (Journal of Geophysical Research, 5P(D3),
4841-4872, 1984) the shading in Figures 11 and 12 was not reproduced. Both figures are
reproduced in better detail below. See the original article for captions.
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Neutral atmospheric composition (60-220 km)

LOCAL TIME Chouro)

Fig. 13. Diurnal varution of ozone at selected altitudes.



Neutral atmospheric composition (60-220 km)
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Fig. 11. Diurnal varution of 0(^P) at selected altitudes.
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Fig. 15. Diurnal varuhon of hydroxyl molecule at selecied altttudes.
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Fig. 17. Diurnal variation of atomic hydrogen at selectcd altitudes.
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Fig. 14. H-compounds concentration prohles.
Solid lines, noon. Dashed lines, midnight.
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EXCITATION MECHANISMS

EXTENSIVELY STUDIED:

BATES, 1964; LLEWELLYN ET AL., 1979; THOMAS ET

AL., 1979; THOMAS, 1981, MURTAGH ET AL., 1986a, b;

KRASNOPOLSKY, 1986; BATES, 1988a, b, 1992.

RECENT MEASUREMENTS SUPPORT THE DIRECT EXCITATION

THROUGH THREE-BODY O RECOMBINATION.

THOMAS, 1981; ET AL., 1986a (ETON CAMPAIGN);

SISKIND AND SHARP, 1991.

MODEL RESULTS:

PRODUCTION EFFICIENCY (£) AND QUENCHING RATES (K)

»ABSOLUTE INTENSITIES

LOW e AND K > LOWER PEAK EMISSION HEIGHTS

GROUNDBASED AND ROCKETBORNE AIRGLOW

MEASUREMENTS » LAB QUENCHING RATES ARE

LOW

CONFIRMED BY RECENT SRI RESULTS FOR 02(A)

V = 7,8,9 FOR 02 AND N2 >HIGH RATES.



PHOTOMETRIC ROCKET RESULTS

HEIGHT PROFILES

SUGGEST ALTITUDE INVARIANT VIBRATIONAL DISTRIBUTION

(MEASUREMENTS FROM HIGH AND LOW VIBRATIONAL LEVELS)

DOUBLE PEAKED VIBRATIONAL DISTRIBUTION

CURRENT MODELS (BASED ON DEGEN, 1972)

3-BODY RECOMBINATION POPULATES V a 10 FOLLOWED BY

SINGLE QUANTA COLLISIONAL DEACITVATION.

ALTITUDE INVARL\NCE IN THE POPULATION DISTRIBUTION

REQUIRES THE CASCADE AND ELECTRONIC QUENCHING

SPECIES TO BE THE SAME

QUENCHING RATES » RADIATIVE DECAY

HIGH O2 QUENCHING RATES AND HIGH YIELDS

IF O QUENCHES ELECTRONIC STATES, IT MUST ALSO CAUSE

SINGLE QUANTA VIBRATIONAL QUENCHING
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Metastable O2 Daytime 0(iS) Chemistry

557.7 nm

297.2 nm

0('S)

0+0+M

Herzberg II



DAYTIME O2 ATMOSPHERIC BANDS
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PHOTOCHEMISTRY OF VIBRATIONALLY EXCITED HYDROXYL

0H()^ n)

v' = 9

•'v ^ M (O&.N2)
v' = 8

i
v' = 6

v' = 8

v' = 4

i

v' = 0

MULTIQUANTUM

DEACTIVATION

Q

SLDDEN

DEATH

QUENCHING

(O?)

^BRANCHING RATIOS: McDade and Llewellyn (1987), Ohoyama et al. (1985)

UNCERTAINTIES:

1. WHETHERHO2+O IS A SOURCE
2. COLLISIONAL DEACTIVATION RATE COEFFICIENTS.

3. ABSOLUTE TRANSITION PROBABILITIES

4. PRODUCTS OF COLLISIONAL DEACTIVATION AS A FUNCTION OF SPECIES.



I = New areas for study

N.NO

schematic of the thermospheric and ionospheric chemistry
to be studied



ELECTRON DENSITY
-140 -100 -60 -20 0 20 60 100 140

10'

ATMOSPHERE EXPLORER MEASUREMENTS

10
145 km

10'

165 km

ro

'E 10
o

>-

in

z
UJ
Q

10

10'

10"

10'

! :
I ! > I

-140 -100

MORNING

205 km

225 km

THEORY

J L I L

60 - 20 0 20 60

SOLAR ZENITH ANGLE

\

\L

\/

\
11
* > !
1' !

10^

10^

10'

10^

10

100 140

AFTERNOON



ISTP

PARTICLE

FLUXES

ISTP

INPUTS

PRINCIPAL
PARAMETERS

ISTP

AURORAL

IMAGES

TOTAL ENERGY INFLUX

CHARACTERISTIC

ENERGY

MODELS

DEPOSITION CODE-

AURORAL SOURCE

FUNCTION

GROUND-

BASED

AIRGLOW

N

NEUTRAL

THERMOSPHERE

NEUTRAL WINDS

SOLAR EUV FLUXES

FLIP GLOBAL CODE-

COMPUTES Ne

hn njL / lONOSONDE/
RADAR

CHAINS

CONDUCTANCES/

E-FIELD AT

OBSERVATORIES

HIGH LATITUDE

POTENTIAL

PATTERN

JOULE

f

TGCM

N

HEATING

GLOBAL IONOSPHERE

AND

CONDUCTANCES

G-BASED

INPUTS

CEDAR-ISTP CONTRIBUTION TO GLOBAL
IONOSPHERE AND ELECTRODYNAMICS

MAGNETO

METER

CHAINS

REGIONAL

CONDUCTANCES

1
AMIE

IONOSPHERIC

ELECTRODYNAMICS

MODEL

ISTP

E-FIELDS


