~N

10
11
12
13
14

15
16
17
18
19

20

21

22

23

Nonthermal radiative transfer of oxygen 98.9 nm
ultraviolet emission : solving an old mystery.

B. Hubert”, J.C. Gérari¥, V.1. Shematovict, D.V. Bisikald?,
S. Chakrabarf, G.R. Gladstorfé®

1. Laboratory for Planetary and Atmospheric Physid®APR), University of Liége, Liége, Belgium
2. Institute of Astronomy of the Russian Academy oieBces, Moscow, Russia

3. Lowell Center for Space Science and Technologyyghsity of Massachusetts, MA, USA.

4. Southwest Research Institute, San Antonio, TX, USA

Please cite as:
Hubert, B., J.-C. Gérard, V. |. Shematovich, DBisikalo, S. Chakrabarti, and G. R.

Gladstone (2015), Nonthermal radiative transfamofgen 98.9 nm ultraviolet emission:
Solving an old mystery, J. Geophys. Res. Spaceié)y20, doi:10.1002/2014JA020835.

Journal of Geophysical Research

Accepted November 2015



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Abstract

Sounding rocket measurements conducted in 198& umgle solar activity conditions
revealed that the intensity of thermospheric Olssions at 98.9 nm present an anomalous
vertical profile, showing exospheric intensities anunhigher than expected from radiative
transfer model results, which included the knownreses of excited oxygen. All attempts
based on modeling of the photochemical processdsradiative transfer were unable to
account for the higher than predicted brightnesddsre recently, the SOHO-SUMER
instrument measured the UV solar flux at high spécesolution, revealing the importance of
a significant additional source of oxygen emissaab88.9 nm that had not been accounted for
before. In this study, we simulate the radiatiansfer of the OI-98.9 nm multiplet, including
the photochemical sources of excited oxygen, thenant scattering of solar photons, and the
effects of non-thermal atoms, i.e. a populatiofiast-moving oxygen atoms in excess of the
Maxwellian distribution. Including resonance scattg of the 98.9 nm solar multiplet, we
find good agreement with the previous sounding ebakbservation. The inclusion of a
nonthermal oxygen population with a consistentease of the total density produces a larger
intensity at high altitude that apparently bettecaunts for the observation, but such a
correction cannot be demonstrated given the unngds of the observations. A good
agreement between model and sounding rocket oligemia also found with the triplet at
130.4 nm. We further investigate the radiative sfanof the OI-98.9 nm multiplet, and the
oxygen emissions at 130.4 and 135.6 nm using oasens from the STP78-1 satellite. We
find a less satisfying agreement between the maadel the STP78-1 data that can be
accounted for by scaling the modelled intensityhwita range acceptable given the

uncertainties on the STP78-1 absolute calibration.
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1. Introduction

The photochemistry of thermospheric oxygen inclugegeral exothermal reactions
that produce ground state oxygen atom¥Pyith a large kinetic energy compared with the
average thermal energy of the thermosphere. Fomgbea photodissociation of Oand
dissociative recombination of Oions release fast éK) atoms with an exothermicity that
depends on the excitation state of the producedyexyKella et al. [1997] studied the
dissociative recombination of ;0 and determined the branching ratios of the differe
reaction products. Several exothermic reactionevedso given by Rees [1989] and Roble
[1995], and the most important exothermal processievant to the oxygen photochemistry
are listed with their exothermicity and reactiorrgmeter inTable 1, after Richards et al.

[1994a].

In the upper thermosphere, and, in particular, &xesphere, the frequency of
collisions between particles dramatically decreasil increasing altitude, along with the
exponentially decreasing gas density. As a rethétmalization of OP) atoms produced by
exothermal processes becomes less efficient, aignéicant population with large kinetic
energy can exist in addition to the high energy tdi the Maxwellian distribution at
thermospheric temperature. This excess of fast @t@so known as superthermal,
suprathermal, or hot atoms, is indeed predictedniogels [Shizgal and Linderfeld, 1980,
Shematovich et al., 1994, Gérard et al., 1995]. tddDarlo simulations of the hot oxygen
geocorona by Shematovich et al. [1994] and Gérardl.€/1995] showed that the energy
distribution function of the suprathermal oxygenpplation results from the non-linear
interplay between the photochemical exothermal ggses producing oxygen atoms, the
thermalization of the produced fast atoms and paristhrough the thermosphere and
exosphere. These theoretical results are suppbytethservation: Yee et al. [1980] deduced a

density of 18to 1 cm® hot O atoms at 550 km with a temperature of attl4800 K, based
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on twilight measurements of *GP) emissions at 732 - 733 nm. Likewise, Hedin [1989
inferred a concentration of hot T atoms up to ~£&m® around 550 km under high solar
activity conditions. This result relied on a conipan between satellite drag data and mass
spectrometer measurements indicating a scale haigbmaly which was attributed to the

presence of a 3% population of superthermdPPétoms at 4000 K.

Cotton et al. [1993b] used the Berkeley Extremeaulblet Airglow Rocket
Spectrometer (BEARS) on board a sounding rockatagasure the vertical brightness profiles
of the oxygen emissions at 130.4 and 98.9 nm, sigamn excess above 500 km compared to
the expected theoretical profiles computed usirgdative transfer model. This anomaly was
interpreted as a signature of the scattering of4.38d 98.9 nm photons by a population of
hot oxygen atoms above the exobase. The hot oxggpulation was modeled as having an
ad hoc density profile, fitted to account for thbserved intensity profiles, but lacking

physical grounds, expressed as

n,(2)=ny exp{— L2 g, In@H(@- n(zo>H(zo>]} (1)

h

Is the hot O scale height at

where Ro is the hot O density at reference altitudel—zh =
O

a temperature I(~ 4000 K) higher than the Maxwellian value, nig)the neutral density
from the MSIS model [Hedin, 1991] with a scale Imi¢f(z). The elastic collision cross
sectiono. Was taken to be 3x¥8cn?, so that this expression implements a scale height
approach based on a partial thermalization at xebase. This population was added to the
MSIS number density, resulting in increased scaght and concentration. The higher
oxygen density then resulted in a larger line-wisgattering optical thickness of the
exospheric medium at 130.4 and 98.9 nm, allowingnaproved fit to the observations,

despite the lack of physical grounds of the method.
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Hubert et al. [1999] further analyzed the radiativansfer of the Ol ZpP’P —
2p° 3s'°D? 98.9 nm resonance multiplet, accounting for thesence of a non-thermal oxygen
population, computed using the physics-based M@ddo model of Shematovich et al.
[1994]. They used the resonance line radiativestearmodel developed by Gladstone [1982,
1985] that uses the Feautrier method [Feautrieg84[L&ith angle-averaged partial frequency
redistribution (AAPR) and assumes a plane-paralielosphere. The primary photochemical
excitation rate of the Z8s'°D® was computed using the GLobal airglOW (GLOW) model
[Solomon et al., 1988; Solomon and Abreu, 1989, 0an, 2001; Solomon et al., 2001,
Bailey et al., 2002]. The atmospheric compositiaswbtained from MSIS90 model [Hedin,
1991], which consists in a semi-empirical represeo of the atmosphere that represents the
diffusive equilibrium corrected to account for pbctiemical processes. The hot oxygen
population was included as a fraction of the tobtajgen density given by MSIS. With this
more physical approach, Hubert et al. [1999] fouhat the inclusion of the hot oxygen
population does indeed increase the modeled Ol A& 9ntensity, but only up to a level

insufficient to account for the BEARS sounding reckmeasurement of Cotton et al.
[1993a,b], obtained under high solar activity cdiodis (Ro~= 173, F10.7~156 on September

30, 1988). None of these attempts to explain theenked Ol 98.9 nm emission was thus
satisfactory: the method used by Cotton et al. 309%0 include a nonthermal population and
account for the observation has no physical groward] the detailed modelling of the
suprathermal oxygen geocorona conducted by Hubeat ¢1999] failed to account for the
observation. This research topic was then left esband abandoned for several years and,

as far as we know, no new research was attemptexptain the mystery until nowadays.

The FUV and EUV solar flux has been obtained ay vegh spectral resolution with
the SOHO-SUMER instrument [Curdt et al., 2001],xpextedly revealing a significant solar
Ol emission at 98.9 nm, i.e., a source of phottias had not been accounted for before in

5
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modeling the Ol radiative transfer at that wavethrig the Earth thermosphere. Gérard et al.
[2010] modeled the radiative transfer of the OI®O8mM emission in the thermosphere of
Venus, including photochemical sources and resanacattering of solar photons. Their
results compared well with the Cassini UVIS EUV atvaition of the Venus thermosphere
performed during the Cassini flyby of Venus, up-20% over the whole flyby with a much

better accuracy over the portion of the flyby presey the largest 98.9 nm intensity. These
authorsshowed that, for this planet, resonanceesoag of solar 98.9 nm photons is a major

source of emission at high altitude.

In the present study, we model the radiative temsf the Ol 98.9 nm multiplet in the
Earth thermosphere including resonance scatteoinghe solar photons that was not
accounted for in previous studies. We also incltlte effect of the superthermal oxygen
population. Theoretical results are compared whth intensity profiles measured with the
BEARS sounding rocket and other, earlier obsermativom the STP78-1 satellite. We will
also broaden the scope of our study to two oth@omant oxygen emissions: the OI-130.4
and 135.6 nm multiplets, thus including the analydia second optically thick (at 130.4 nm)

and an optically thin emission (at 135.6 nm).

2. Modeling

We use the Monte Carlo model described by Shenttamtial. [1994] to compute the
non-thermal energy distribution function of theriplosric oxygen. Indeed, we use the same
OCP) energy distribution functions as those used bt et al. [1999]. We did not use
updated cross sections in order to ease compangbrprevious studies. We do not expect
updated cross sections would change the computedxygen population by more than
~10%, which is the uncertainty of the Monte Carlod®&l results. The exothermal sources of
fast oxygen atoms are thus those listed by Richerds. [1994a] and Hickey et al. [1995].

The calculated non-thermal oxygen energy distrdsufunction (EDF) depends on altitude, as

6
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does the hot oxygen abundan€gyure 1 shows the oxygen EDFs at 500 and 600 km altitude,
calculated under maximum solar activity conditigf$0.7 = 200). The superthermal oxygen
population consists in the small disturbances foaralnd ~1 eV, whereas the high energy
hot tail at E > 2 eV, conspicuous in logarithmials¢ represents oxygen produced by one of
the exothermal processes listedTiable 1, which have undergone only a few collisions and
are thus still in the initial stages of the thenzetion processFigure 2 shows the
superthermal fraction [@}/[O]w: the ratio of the hot oxygen to the total’P) densities
calculated under solar minimum and solar maximumd®ns (the hot oxygen population is
just a small contribution in these results). Beling exobase (located around 600 km under
maximum solar activity conditions), the ratio varieughly linearly with altitude, until it
starts increasing rapidly above the exobase. Thetlmermal EDFs oFigure 1 were obtained
assuming that the total oxygen density profilehattgiven by the MSIS-90 model, which
does not account for the increased scale heightt@uke hot oxygen population. Such an
increase of the scale height implies that the toxglgen concentration should be higher than
the MSIS density profile at exospheric temperatWve. thus model the radiative transfer of

the oxygen UV emissions under four different asstiiong:

1. The oxygen density and temperature profiles arsetlod the MSIS model.

2. The total density remains unchanged, but has twiribotions: one thermal at
Tusis and one non-thermal at 4000 K, after Hedin andoWwhg the MC
computation. The superthermal fraction will be tbithe Monte Carlo simulation.
This assumption implies an increase of the scatierptical thickness in the wings
of the oxygen lines, producing an increase of timajuted intensity.

3. Same as 2, but including a diffusive correctiortha total density to account for
the scale height modification due to the hot pojmta causing an increase of the

scatterer density (as was already done by Hubait Et999]).
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4. The superthermal and thermal populations coexigth wgeparate diffusive
equilibrium above the exobase, with the hot fractigiven by the MC
computation. The hot O population is assumed ty \raearly below the exobase,
smoothly merging near the exobase. This assumpt@ties an increase of the
scatterer density larger than that of hypothesias3we will show in the next

paragraphs.

Assuming that the thermal and non-thermal poputatiare separately distributed at
diffusive equilibrium does not make sense belowekebase, where collisions thermalize the
fast oxygen atoms and efficiently couple the hat Hrermal oxygen populations. However,
we consider this assumption as a rough, first orderrection above the exobase where
collisions do not allow an efficient loss of thet lidenergy to the thermal population. In order
to include the hot oxygen population in the radmtiransfer model under assumption 4, we

fitted the ratio = [O]no/[O]msis using the following expression:

r—r,

mg,R* Ty—T, (1 1
S Lol (2-D) a-we

rg T

,8=<a+b )W(r)+ﬂoexp<—

0

(@)

wherew (r) =1-0.5 <1 +erf (W»’
0 Wsig

r is the geocentric distance, R is the planetusady, is the gravity acceleration at the ground,
k is the Boltzmann constant, m is the mass of thgen atom, g, To, and H are the radius,
temperature and scale height at the exobase resggctThe location of the exobase is
determined such that the local scale height eqhalscollision mean free path with a cross
section of 3 x 19° cn?, i.e., the cross section value used by Cottorl.d1.893b] for their
scale height approach density correction. The fesnh represents a linear contributionpto
introduced to describe the roughly linear parthad profile (shown irFigure 2) below the

exobase. The exponential term in the expressiof ferobtained by taking the ratio of two
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isothermal diffusive profiles (accounting for thepgndence of g versus r) at different
temperatures and densities. Parametess w0 ; Wijg= 0.5 determine the location and width
of the connection between the linear and expornlerggimes, with the weighting function
W(r) of equation (2) introduced to allow for a sotio transition between the collisional and
exospheric regimes. The values ofswand w;g were chosen to locate the transition at the
exobase, across a characteristic length equal éosthale height: apparently a reasonable
choice, though somewhat arbitrary. Parameters apoband T, are fitting parameters
determined to match, and extrapolate if necesstiny, computed ratios oFigure 2,
normalizing the total density to the MSIS denditythat plot (which is equivalent to
assuming that the hot fraction is a small part lué total density in the Monte Carlo
computation). Figure 3 shows the superthermal fractigh fitted to the Monte Carlo
simulation results under maximum solar activityeThted value of Tis ~ 10,500 K, which
corresponds to 3/2 kT~ 1.36 eV, typical of the exothermal processesdycong
superthermal GP) atoms. Similar results were obtained for the $mbar activity simulation,
so that the fitting parameters can be interpoldtetiveen both extremes for application at
intermediate solar activityTable 2 lists the fitting parameters obtained under batlars
minimum and maximum conditionsFigure 4 shows the oxygen density profiles obtained
from the MSIS-90 model and under hypothesis 3 andedcribed above, for high solar
activity conditions. The largest total density istained assuming that the thermal and non-
thermal oxygen populations are separately distedbwat diffusive equilibrium according to

their own temperature and scale height, espeaalhygh altitude, far up in the exosphere.

We model the radiative transfer of the oxygen UVissions at 98.9 and 130.4 nm
using the radiative transfer code developed by €&tate [1982, 1985], and already used by
Cotton et al. [1993b] and Hubert et al. [1999],luniing the presence of a superthermal

oxygen population. The nonthermal population isoaoted for as a second scatterer having a
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high temperature in addition to the thermal oxygepulation. The wavelength-dependent
optical thickness is then computed accounting fithpopulations, and the radiative transfer
is solved using the Feautrier method. The populatib the sublevels of the ground state
OCP) atoms is nevertheless assumed to be at locahdldnamic equilibrium, while it is
assumed that the photochemical reactions popuiateublevels of the upper states according
to their degeneracy as their energies are neadglegn assumption already made by Link et
al. [1988]. The primary source of UV photons at®98.30.4 and 135.6 nm is mainly twofold:
photochemical sources (i.e., photoelectron impacitaion of O atoms) and resonance
scattering of photons of solar origin. The 130.4 muodtiplet is also populated by branching
from the upper state of the Ol 102.7 nm multipléte 135.6 nmiP —°S° transition is dipolar
forbidden and only excited by photoelectron imp#tis includes the cascade from the®Bp
level at 777.4 nm). The photochemical sources aleutated using the latest version of the
GLOW model [Solomon, 1988] (freely available und@pen Source Academic Research

License Agreement) adapted to account for the nemtldxygen density profile when needed.

The GLOW model uses a Crank-Nicholson method to prden the transport of
photoelectrons through the Earth thermosphere avithio-stream assumption. In this model,
the EUV solar flux is obtained from the EUVAC modbstween 50 and 1050 A [Richards et
al., 1994b]. Between 18 and 50 A, the Hintereggecsum [Hinteregger et al., 1981] is
scaled using the EUVAC algorithm. Below 18 A, seesources are aggregated to estimate
the solar flux, e.g. De Jager [1964], Smith andtli&tt [1974], Manson [1977], Kreplin et al.
[1977], Horan and Kreplin [1981], and Wagner [1988he FUV flux is scaled from the
Woods and Rottman [2002] spectrum. The photochdnsicarces of excited oxygen are
mainly electron impact on oxygen atoms and dissiveiarecombination of &. The

interested reader is referred to the list of react available with the GLOW source code
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which is freely available and to the literature §yaand Banks, 1970; Solomon et al., 1988;

Solomon and Abreu, 1989; Solomon, 2001; Solomai.eP001; Bailey et al., 2002].

In addition to the sources computed by the GLOWlehoradiative recombination of
O" producing the<S’ state is accounted for [Tinsley and Christensé@3]L The contribution
of this mechanism can be considered negligibletfier 3s°S° state, i.e. for the 130.4 nm
excitation. Our modelling of the OI 98.9 nm emissalso includes production of oxygen in
the 3s'3D? state (via the 3pF state) by dielectronic recombination [Abreu ef 2084]. We
use the reaction coefficient of Bates [1962] arelritbeded ionospheric properties come from
the IRl model [Bilitza, 1990] used by GLOW. The" @oncentration relevant for the
conditions of the BEARS sounding rocket launchhisven inFigure 4. The 35°S° upper state
of the Ol - 130.4 nm transition is also populatgdhe 1127.8 nm transition from the %o°
state to the 3PP state followed by the transition at 844.6 nmhe 3s°S° state. Transition
between the 38D° state and the 3P ground state occurs at ~102.7 nm forming a séttup
of FUV lines with large Einstein transition paraerst so that optically thick radiative
transfer of the Ol 102.7 nm multiplet is also mdektlto assess the sources of the Ol 130.4
nm emission. The photochemical sources of théC¥dstate come again from the GLOW

model.

The solar fluxes at 98.9, 102.7 and 130.4 nm stienated using the proxy model of
Woods and Rottman [2002] to derive values condisigth the Fq7 activity index, as was
already successfully done by Gérard et al. [20080Pand Hubert et al. [2010] to model the
radiative transfer of the optically thick oxygen Unultiplets at 98.9 and 130.4 nm through
the atmosphere of Venus and compare the modeltsesith the Cassini-UVIS observations.
The proxy model derived by Woods and Rottman [20G#] a spectral resolution of 0.5 nm,
too crude to resolve the spectral contribution88&® nm. Using the high spectral resolution

model of Tobiska [2004] it was determined that @€98.9-nm multiplet contributes ~24 %
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to the total in the interval ranging from 98.5 @015 nm under high solar activity conditions.
For comparison, the Ol 98.9 nm contribution to ¢heet Sun high resolution spectrum of
Curdt et al. [2001], measured using SOHO-SUMERhat same interval is estimated to be
~19%. The contribution of the solar Ol - 102.7 nmission between 100.5 and 106.5 nm is
estimated to be ~4.2% from the spectrum of Curdale{2001] while the Lymarf- line
contributes ~42%. Because the Ol 130.4 nm solassan is very intense, it is not necessary
to make a similar correction to the flux deduceadnfrthe proxy of Woods and Rottman
[2002] for this emission feature. The shape of@hel30.4 nm multiplet solar line is derived
according to the analysis of Gladstone [1992], Jitted the observed solar OI-130.4 nm
multiplet line shapes from the Solar Maximum Missi(EMM) satellite using two offset
Gaussian functions. The offset and FWHM of the Grums functions were separately
estimated for each line of the multiplet. The Isteapes of the solar OI-98.9 and 102.7 nm
multiplets are poorly known. Average values of fagameters obtained by Gladstone [1992]
for the 130.4 nm lines were used for these muliplas was already done by Gérard et al.
[2010] for the Ol 98.9 nm emission. The Ol 102.7 sgstem of lines has an additional
source, known as the Bowen mechanism [Bowen, 1@Rf,to an incidental resonance with
the broad solar HI-Lymarg line at 102.6 nm. We compute the wavelength-depenolptical
thickness of oxygen and its absorption of the sdlacyman{3, which provides an additional
source of excitation of the 102.7 nm upper statesemters the radiative transfer process. The
Lyman{} contribution to the solar flux is estimated to-88% between 100.5 and 106.5 nm
based on the SOHO-Sumer spectrum of Curdt et BDZR and the Woods and Rotman
[2002] proxy is used again to estimate its value &¢count for the solar Lyman beta line
shape assuming it is the sum of two offset Gaudsiactions having the offset and FWHM
values determined by Gladstone [1988]. The opticdlick source function of radiative

transfer is used to compute the production ratthef3s*S state by branching from the 3d
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DY state. The branching ratio is ~30% according ® Hinstein transition parameters of
Wiese et al. [1996]. For the conditions of Septen@te 1988, the O | 98.9, 102.7 and 130.4
nm solar fluxes are found to be 6.74 x*,18.9 x 18 and 1.26 x 18 photons cif s*

respectively while the H | Lymaf-flux is 6.00 x 18 photons cnif s™..

In our simulations, the primary excitation rate dioe photochemical sources are
distributed between the sublevels of the uppee stabportionally to their degeneracy. This
assumption considers that the population of sublev& propotional to gx exp(-E/kT) with
all the E’s being nearly equal. In the absence of data ldegathe distribution of the 98.9 nm
solar intensity between the members of the multipteis assumed that the total flux is
distributed among the singlet, doublet and triptét lines in which the sextuplet is
decomposed (see next paragraph) according to thendeacy of their upper level, while,
inside of the sub-multiplets (namely the doubled &me triplet), the flux is equally shared

between the different lines that compose it.

The OI 98.9 nm multiplet results from the transiSobetween the oxygen 2P
ground state and the excited®@&s’ °D° state. Applying the selection rules of spectrogcop
this transition system is a sextuplet of lines,aeposed into three sub-multiplets according
to their upper sub-level (Table 3): a singlet (ttasition at 98.8773 nm originating from the
3s3D%_; level), a doublet (the transitions at 98.8655 88204 nm originating from the 3s
3D%., level) and a triplet of lines (the transitions $8.8578, 99.0127 and 99.0801 nm
originating from the 38D%-, level), without mixing between the components [&teil991,
Link et al. 1988], i.e. the wavelength separatietw®en the lines of the multiplet is so large
compared with the Doppler width at local tempermtinat a photon emitted in a transition can
only be reabsorbed (and scattered) by the samsiticam thus avoiding radiative coupling

between the sub-multiplets.
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Excited atoms in théD? state do not only relax directly to the groundestéut can
also decay through intermediate energy levelsjmgad (among others) the transitions at 799
and 117.2 nm. These branching transitions resu# lass of population through transition
branching, that removes photons from the 98.9 rdratian field during the radiative transfer
process. This effect is accounted for in the ragBatransfer modeling using a single
scattering albedowgp) amounting to 0.99972, 0.9975 and 0.99953 forsihglet (OFPs) <
O(3s’ °D3)), doublet (OlP,2) < O(3s'°D,)) and triplet (OfP129 < O(3s°D,)) of lines
respectively, that we deduce from the Einsteinditaon parameters of the 98.9, 799 and
117.2 nm emissions provided by Wiese et al. [1996¢ OI-130.4 nm multiplet results from
transitions between the Ol 2pP and 3p°S° states. It is a triplet of lines coupled with a
common upper state. The transition parameters weatuse in modeling the 130.4 nm
radiative transfer are taken from Wiese [1996]. Dxggen energy levels are from Moore
[1993]. We neglect branching from the % state through the transitions at 164.13 nm (to
the 282p" 'D state) and at 232.5 nm (to the’$ 'S state) as their Einstein transition
parameters are rather low, 1.83 X 40d 4.61 3 respectively, resulting in a single scattering

albedo of 0.999997 sufficiently close to 1 to beaged.

For the 2p °P - 3d°D° transition producing the Ol 102.7 nm emission eamiative
transfer, we follow the approximation previouslydaeaby Meier [1991] and by Cotton et al.
[1993]. The sextuplet is separated into a tripfR. 29 < O(3d®D,)), a doublet (Of3) <
0O(3d°D,)) and a singlet (3Ps) < O(3d3Ds)) of lines (Table 3) assuming they can be treated
separately. However the small wavelength separaigtween the lines of the multiplet allows
for a partial coupling across the whole sextuplEhe uncoupling approximation has
nevertheless proven valid because of the largechiag towards the 3pP state via the
1127.8 nm transition, and because ~85% of the 10&7#adiation field is expected to be

found in the singlet [Meier, 1991 ; Meier et al 8¥9.

14



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

3. Simulation results.

The vertical profile of the Z{8s’*D° primary source of photons calculated for the
conditions of the BEARS sounding rocket launch oftén et al. [1993a,b] using the MSIS-
90 oxygen concentration profile is shownHigure 5 while Figure 6 shows the upward and
downward photoelectron fluxes computed with the ®LOnodel without hot oxygen
correction. The effect of the hot oxygen correcii@onsidered in this study were estimated
and found to remain lower than 4% at worst at tiluales. The photoelectron fluxes peak at
roughly the same altitude as the primary sourcectian, which highlights that the
photochemical sources computed by the GLOW model daminated by photoelectron-
impact processes in the lower thermosphere. Thagoyi source Kigure 5) represents the
rate at which new 98.9 nm photons are introduced the radiative transfer process by
photochemical processes (computed with the GLOWelahd by resonance scattering of
solar 98.9 nm photons. It should not be confuset thie source function of radiative transfer
which represents the number of excited atoms emiti 98.9 nm photon per second in a unit
volume, including the effects of multiple scatteximhe contribution of the photochemical
sources calculated using the GLOW model (mainlycted® impact on oxygen atoms)
dominates that of resonance scattering of the dhiarat 98.9 nm at low altitude, while at
high altitude, above ~450 km, the resonance saagtgrimary source dominates over the
photochemical processes. The primary source intgjracross the whole vertical profile
nevertheless remains dominated by the photochemioaksses. Inclusion of the hot oxygen
population results in an increase of the primamyrse at high altitude, with a larger increase
found when the hot and thermal oxygen populatiorsagasumed to be separately distributed
at diffusive equilibrium. This naturally stems frahe larger density found in that case above
the exobase. The total radiative transfer sourcetion of the Ol 98.9 nm multiplet is

detailed inFigure 7. The radiative transfer is computed separatelyHerphotochemical and
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resonance scattering primary sources, and summeafteipvards. Indeed, the ground state
oxygen concentration is not significantly modifiey the transfer of the FUV radiation in the
thermosphere so that both sources do not need twolmbdined to compute the radiative
transfer. The altitude-dependent relative imporaotthe photochemical and solar primary
source of photons discussed above also appeah® iradiative transfer source function: the
solar source becomes important at high altitude,dmit the photochemical source remains
dominant up to a larger altitude (~675 km) becaatehe very large photon primary
production at low altitude. Inclusion of the hotygen population without modifying the total
density only increases the optical thickness inviiveggs of the line shape. It does not make a
large difference compared with the MSIS90 referance as already pointed out by Hubert et
al. [1999]. Inclusion of the density correctionsoposed above in the second paragraph
(assumptions 3 and 4) produces an increase of piieab thickness of the atmosphere
proportional to the density enhancement. This tednl a more efficient entrapment of the
98.9 nm photons in the thermosphere that caus@scegase of the radiative transfer source

function.

The source function is not directly observable. BEARS 98.9 nm intensity profile
measured by Cotton et al. [1993b] is showrFigure 8, along with the modeled intensity.
The MSIS90 thermal population suffices to accownt the observation at low altitude.It
could also be considered acceptable above the s@pbaing to the uncertainties affecting
the observation. This is a major difference with #imulations of Cotton et al. [1993b] and
Hubert et al. [1999] who could not account for thleservation in a satisfactory manner
because their simulation lacked the inclusion efrésonance scattering of the solar 98.9 nm
multiplet. Consideration of the superthermal popatawithout modifying the total density
slightly increases the modeled intensity. The diffa correction accounting for the higher

temperature due to the hot oxygen component makaera significant correction, and the
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modeled intensity does apparently better matclobservation, considering both data points
at 600 and 750 km. Inclusion of the separate difeugquilibrium produces a modelled
intensity profile that passes over the observed wriether the calculated solar maximum
superthermal population is used or whether anpotation (versus the F10.7 index) between
the solar minimum and maximum profiles is usedlafsactivity was already high at the time
of the BEARS sounding rocket launch). In the présmase, inclusion of the superthermal
population with its own diffusive equilibrium appsaas an upper bound to the total oxygen
density considering the EUV intensity measurem@&he new key parameter to consider in
order to account for the observed 98.9 nm interaityigh altitude is clearly scattering of the

solar multiplet.

The simulated intensity for a downward looking getmy from a distant vantage point
(i.e. the emerging intensity) can be compared Withintensity obtained for the same line of
sight geometry assuming optically thin conditiomsl aneglecting @ absorption. Neglecting
the effect of the suprathermal atoms, these twensities are 1.116 and 0.921 kR. In first
view, one would expect the optically thick integgid be larger than the optically thin result,
because multiple scattering breaks the isotropstridution of the primary emission and
favors the upward direction by essentially reflegtiupwards the downward-propagating
photons, as already underlined by Link et al. []98&cerning the 130.4 nm radiation. The
opposite is found because of the absorption pgr@, mainly, because of the non-unit single
scattering albedo of the 98.9 nm multiplet whichises a “leak” of 98.9 nm photons during
the radiation transfer through the thermosphere. rEldiative transfer of the photons of solar
origin contributes ~0.211 kR to the emergent intgns.e. ~19% of the total. Under the
optically thin assumption, it is ~0.0970 kR, i.d.1% of the total. Because the primary source
function associated with the resonance scatterinipeo solar 98.9 nm multiplet peaks at a

higher altitude, it is not absorbed by.@he optical depth of the emitting layer being éow
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than that of the photochemical source, the singitaring albedo leakage is also less
important. We then retrieve the intuitively natutaénd: the computed optically thick
intensity is larger than the optically thin one.eSb numbers also highlight that resonance
scattering of the solar 98.9 nm photons does natimite the column-integrated source
function, and is only important at high altitudecluding the hot oxygen correction does
nearly not modify the calculated emergent inteesitiindeed, the hot-O correction is
important at high altitude where the gas densitylower, far from the peak of the
photoelectron fluxes, so that the photochemicalsmicomputed by the GLOW model are
only weakly modified by this correction. Moreovencluding the suprathermal oxygen
correction results in an increase of the opticalkitess of the high altitude layers, where the
solar radiation is resonantly scattered. But thiarsfbux itself is not modified, so that the
radiative energy input from the solar 98.9 nm npldti remains nearly unchanged. This
explains why the contribution of the resonancetsgag of the solar 98.9 nm radiation to the

emergent intensity is nearly not sensitive to tresence of the hot oxygen population as well.

Figure 9 shows the primary source, the source iomend the intensity computed for
the OI 130.4 nm triplet. As it is well known, theastering of the solar 130.4 nm flux, which
amounts to 1.14 x #Bph cm? st in our simulation according to the proxy of Woaatsd
Rotman [2002] (about twice as large as the valperted by Cotton et al. [1993a]), largely
dominates the primary source and the source fumetidhigh altitude. We inferred, based on
the solar spectrum of Curdt et al. [2001], that 186.22, 130.49 and 130.60 nm lines of the
multiplet contribute 32%, 33% and 35% to the taénsity of the solar triplet, respectively,
i.e. about one third of the photons in each menobdine triplet. This result is similar to that
obtained from the high resolution semi-empiricacpum of Killen et al. [2009] which gives
36%, 33% and 31% respectively. The computed intgndor a 97° zenith angle look

direction, is shown in the third panel with the BE®& measurement. The conclusions are
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similar to those obtained at 98.9 nm. The intensityulated using the MSIS90 atmosphere
accounts fairly well for the data, although the @imtion including the hot oxygen atoms and
a modified diffusive equilibrium seems to somewetter account for the observation at high
altitude. Assuming the thermal and nonthermal orygepulations are at separate diffusive
equilibrium obviously produces an overestimateh# intensity at high altitude, and should
be considered as a lower bound. At low altitude, ¢hlculation slightly underestimates the
130.4 nm intensity up to ~500 km, i.e. the altitwd®ere the resonance scattering of the solar
multiplet starts to dominate the optically thickusce function. This discrepancy can likely be
attributed to a slight underestimate of the phatoaical source of excitation of the %3 state
by the GLOW model. Figure 10 recapitulates thensity profiles simulated at 98.9 nm and
130.4 nm using the MSIS atmosphere, correspondinthe conditions prevailing for the
BEARS sounding rocket launch. We also show the6l8H and the 1027 intensity profiles.
Scattering of the solar light is totally negligibfer the 135.6 nm multiplet, while it is

important for the other emissions, especially ghhaltitude.

We now compare our model with FUV and EUV measurémef the Ol emissions at
98.9, 130.4 and 135.6 nm obtained with the EUV spaweter onboard the USAF STP78-1
satellite [Bowyer et al., 1981; Chakrabarti et 2B83]. We simulate the radiative transfer of
the Ol 98.9 and 130.4 nm emissions for the conutiprevailing at the time of each
individual STP-78 observation, which consist in E@Wd FUV spectra recorded during a
rotation of the spinning satellite, thus produciaggular scans. The background is
interpolated from the neighboring wavelength bifisesach spectral feature and subtracted.
The superthermal oxygen population is obtained rigrpolating the hot oxygen fraction
versus the F10.7 index between the Monte Carlo lation results obtained under solar
minimum and solar maximum conditiorfsigure 11 shows the 98.9 nm intensity measured

during two STP78 orbits on 21 March 1979, i.ethat equinox (F10.7 = 181). On that day,
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we estimate using the Woods and Rotman [2002] ptbaythe solar fluxes of the Ol 98.9,
102.7 130.4 nm multiplet and of the H | Lynfialine are ~6.98 x 0 ~6.20 x 18, ~1.28 x
10" and ~6.30 x 1bphotons cnf s* respectively. The data were selected in a latitude
interval between -20° and -30°, with the longitudeging between 160° and 170°. The solar
zenith angle ranged between 20° and 30°. The S8 was nearly circular at 600-km
altitude. Although the satellite altitude did noary significantly during one orbit, we
nevertheless account for its exact value in sirmdathe observation using the radiative
transfer model. The data shown RFigure 11 were accumulated during 10 rotations of the
satellite and averaged into viewing zenith anglesbiFigure 11 also shows the calculated
intensity, separating the contributions of the plbemical primary source and the resonant
solar source at 98.9 nm. Inclusion of the supemiaérOfP) population to the MSIS90
oxygen density profile causes an increase of tleleted intensity for upward looking
directions. The overall shape of the modeled amgdan reproduces the observed one fairly
well, but the agreement is not as good as was fdondhe BEARS sounding rocket
measurements. However, it must be noted that ther $lux used in our modeling is
uncertain, so that a strict quantitative agreemennot really expected. Moreover, the
uncertainty on absolute calibration of the specttmnonboard STP78-1 was estimated by

Link et al. [1988] to be ~20% at 98.9 nm.

Figure 12 shows the brightness of the OI 130.4 and 135.6muttiplet observed by
STP78 and modeled using the MSIS90 atmospheree(bites), including the non-thermal
oxygen correction (solid lines) under conditionsntical to those dfigure 11. The 135.6 nm
emission rate is calculated using the GLOW modeld®on et al., 1988] and integrated
along the lines of sight passing by the STP78-Atlon for viewing zenith angles ranging
from zenith (0°) to nadir (180°) direction. The gmuted 130.4 nm intensity is overestimated

by roughly a factor 2. Multiplying the total intetyscomputed accounting for the hot oxygen
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population and applying diffusive equilibrium byaector ~0.6 produces a good fit to the data.
The intensity computed using the MSIS90 density algrees fairly well with the observed
angular scan at the expense of a similar corre¢tiotor, considering the uncertainties of the
measurements and those of the model. It must kedrtbat Link et al. [1988] estimated the
accuracy of the STP78 absolute calibration to ~5i9430.4 and 135.6 nm, so that the
discrepancy between the modelled and observed 130 itensity remains acceptable, given
that the shape of the computed angular scan faotyesponds to the observed one. The
computed 135.6 nm profiles were smoothed to accfuurthe effective field of view of the
spectrometer, resulting from a complex combinatadnthe actual field of view of the
instrument and the satellite motion. The shapehefrodeled, optically thin Ol 135.6 nm
brightness angular scan differs somewhat from theewved profile while the absolute value
at the peak brightness is fairly well modeled withi factor ~2. Differences in shape can be
due to a too small background removal which is grared by interpolating the spectrum
from the neighboring wavelength bins, as can besgpek from the residual intensity for
upward looking directions or, more likely, to thengplicate triangular effective field of view
of the observation, that combines the instrumesirtape (the STP78-1 instrument slit was
large indeed) and the spinning motion of the spafecThis issue is without doubt a source
of uncertainty at all wavelengths. We verified omrerthan 100 angular scans that, for
upward looking directions, the signal to noiseagtomputed after background subtraction)
is very poor at 135.6 nm, generally around 1, makihe results very sensitive to an
underestimate of the subtracted background. Indeszlwould expect the 135.6 nm signal to
decrease to 0 as the observing zenith angle desre@ensequently, we do not trust the 135.6
nm data obtained under upward looking directiorclusion of the superthermal oxygen
population with the consistent diffusive equilibmucorrection does not make a substantial

difference.
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Figure 13 shows the Ol 98.9, 130.4 and 135.6 nm multiplegnsities averaged over
two STP78-1 full orbits, on 21 March 1979. Only tiane data are selected, excluding the
terminator and south Atlantic anomaly regions. He¢ailed modelling of each emission is
computed for each of the 130 STP78-1 angular sttatswere found and selected, and the
averaged intensities are then computed so thatdheye compared with the observation. A
scaling factor is applied to the computed totaémsities to fit the data in a least squares
sense, in order to cope with the uncertain solatr. \We find, once again, that scattering of
solar photons makes a significant contribution he 8.9 nm radiative transfer at high
altitude, amounting to nearly 25% for a horizoialing geometry at ~600 km. The general
trends described above basedFigures 10 and 11 appear again in the 2-orbits average:
inclusion of the superthermal oxygen populatiorhvaitlapted diffusive equilibrium allows for
a slightly better agreement with the observed Q89%fn angular scan. Resonance scattering
of the solar 98.9 nm multiplet makes a significemitribution for upward-looking directions,
producing a modelled intensity profile that betterresponds to the observed one. Similar
conclusions are reached concerning the OI-130.4htensity. The observed detailed shape of
the peak of the 135.6 nm emission is reasonably wegroduced by the theoretical
simulations, but the smoothing that we apply tooaot for the effective aperture of the
instrument may not be sufficient for the opticalhyn 135.6 nm emission. Inclusion of the
nonthermal atoms in the simulation makes no sigaifi difference. Again, we do not trust

135.6 nm data obtained for upward looking direction

4. Discussion.

We have revisited the radiative transfer of two amt@nt atomic oxygen multiplets in
the Earth’s thermosphere and exosphere. This asals motivated by the relatively recent
observation of the OI-98.9 nm multiplet in high olegion solar spectra, i.e., a source of

photons that had not been accounted for in pasliestwof that multiplet, in an attempt to
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explain the previously reported anomaly in the 38®intensity observed above the exobase.
We used the MSIS90 atmosphere model to describdénmospheric and exospheric gas and
included the previously-modelled effects of a sthmamal oxygen geocorona using several
approximations. First, splitting the total MSIS9@*P) density into a thermal and a non-
thermal fraction barely influences the modellediative transfer of the oxygen multiplets (as
previously reported by Hubert et al. [1999]), désghe increase produced in the optical
thickness in the wings of the optically thick spattline shape. Correcting the MSIS90
density profile for the larger oxygen scale hei@lgsulting from the presence of the hot
oxygen population), produces a total density ineeesufficient to account for the BEARS
sounding rocket measurement at 98.9 nm above tbbase. Applying a more radical
correction by adding a hot oxygen population ifiudive equilibrium (i.e., having its own
scale height) produced an increase in the modéB@ nm intensity above the exobase that
exceeds the BEARS-observed profile, and thus ap@saan upper bound correction. Indeed,
up to our knowledge, no previous study inferredoaygen density as large as what we
calculate under that assumption (except for Cottoal. [1993b]). We find that scattering of
solar photons produces a significant contributiortie 98.9 nm radiative transfer at high
altitude, above ~450 km and in the exosphere,isha¢cessary to account for the observation
with only moderate modification of the MSIS90 deyngirofile. Simulations of the OI-130.4
nm multiplet show that the hot oxygen correctioattive apply is compatible with the
observed BEARS intensity profile at 130.4 nm. Oumwations also fairly reproduce the
intensity observed by the STP78-1 satellite at,9839.4 and 135.6 nm. Inclusion of the solar
98.9 multiplet in the model produces a better agere with the observation. Including the
hot oxygen population also improves the agreemeitih the data for upward looking
directions, but the associated intensity increaseains comparable with the error affecting

the data. The modelled 135.6 nm intensity is im &reement with the STP78-1 observed
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intensity given the uncertainties on the absolatération and the complicate effect of the
instrumental effective aperture. Inclusion of thentmermal oxygen atoms makes no
substantial difference. As already pointed out liykLet al. [1988], the 135.6 nm can be
contaminated by a contribution from the Nyman-Birge-Hopfield band. We simulated the
LBH intensity using the GLOW model and the spectmmeasured by Ajello and Shemansky
[1985], and found it can contribute ~30% to the .63&m channel, as was already estimated
by Link et al. [1988]. This contamination neverésd remains below the uncertainty on the

absolute calibration, and it was not included i filgures presented here.

We also simulated the 98.9, 130.4 and 135.6 nnmgities using the Atmospheric
Ultraviolet Radiance Integrated Code (AURIC) moffefrickland et al., 1995, 1997, 1999,
Swaminathan et al., 1998, Siskind et al., 1995,&didjet al., 1997]. This model has a more
sophisticated solver that uses a multistream apmition, while the GLOW model uses a 2-
streams Crank-Nicholson method. We refer the istetereader to the literature and to the
documentation freely available from Computationay$tcs INC. for a detailed description of
the AURIC model. Although the intensities computeith the AURIC model slightly differ
from those of the GLOW model, the main results ussed above remain: scattering of the
solar 98.9 nm multiplet is an essential contributio the 98.9 nm radiative transfer at high
altitude, inclusion of the suprathermal oxygen gapon produces a slight increase of the Ol
98.9 and 130.4 nm intensity in the exosphere, whiteakes no significant difference at 135.6
nm. It must also be kept in mind that the uncetiénon the solar flux (both the ionizing
EUV radiation and the 98.9 and 130.4 nm incidemtdk) are such that applying a correction
factor (not too different from 1) to the computedensity is generally an acceptable fix that
reconciles the model and the observation, providiveg the overall shape of the modelled
profiles sufficiently resemble the observation (géhiwas not the case at 98.9 nm before

inclusion of the solar source).
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Because scattering of 98.9 nm solar radiationasntiajor contribution to the primary
source of photons at exospheric altitudes, a @et&howledge of the spectral distribution of
the multiplet lines would be needed for successfigldelling. Indeed, we used a rough
approximation assuming that the solar 98.9 nmdimegoe could be deduced from the optically
thick 130.4 nm solar line shape, fitted using twitset Gaussians. Because the transition
parameters of these two multiplets are differentsinot obvious that this assumption is
sufficiently accurate. Only a detailed measurenwnthe solar 98.9 nm line shape at very
high spectral resolution could lead to a relialbfpriovement in our knowledge of the solar
98.9 nm optically thick spectral distribution. larc be expected that a narrower spectral
distribution of the solar radiation would allow farore incident photons to be scattered by
oxygen atoms before being absorbed by rolecules deeper in the atmosphere, thus
increasing the number of photons undergoing radidtiansfer at high altitude, and perhaps
producing a larger computed intensity above thébage. This would reduce the need for an
increased exospheric oxygen density. Estimatingtfamtitative magnitude of this effect will,
however, remain beyond reach until the detailedrdole shapes of the 98.9 nm multiplet are
known. Moreover, the absolute value of the 98.9smtar flux is itself an important source of
uncertainties. The whole modelling is indeed seresito the solar flux: the photochemical
production rates are proportional to the solar,fluxd also depends on its spectral shape. The
resonance scattering primary sources at 98.9 a4 13m do also depend on both the
absolute flux, but also on its distribution amohg tmembers of the multiplet and on the
detailed high resolution line shape of the solaedi which is unknown except for the 130.4
nm multiplet. Despite these uncertainties, agre¢meétih the BEARS data is satisfactory,
without the need of any scaling of the modelle@msity. The agreement is not so good with

the STP78 data, but the uncertainties on the atesohlibration of that spectrometer are also
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large, so that one can consider applying a muttilon factor to better model the data. The

shape of the modelled intensity angular scanseis tairly well reproduced by the modelling.

We also attempted to use the interesting semi-érapispectrum of Killen et al.
[2009] in the EUV. Fitting a Gaussian function toels of the OI-989 multiplet, it appears
these lines have an FWHM of ~0.041 A, i.e. represtare of a temperature of ~53000 K (a
temperature that can easily be reached in theiti@msegion between the solar chromosphere
and the corona). Also, the total intensity is distted between the triplet (&% 29 <
O(CDy)), doublet (OtP23) < O(CD-)) and singlet (05 < OFDa3)) proportionally to the
degeneracy of the upper state (which, up to ~0.08%quivalent to a thermal population of
the upper sub-levels) while inside of a given sulitiplet, the intensity is distributed
proportionally to the Einstein spontaneous traosiparameters. The Ol- 989 A total intensity
is however rather weak in that spectrum: it contels to ~1.2% of the total between 985 and
1005 A, in contrast with the observed SOHO-SUMERcsmum [Curdt et al., 2001] for which
we find ~19% (27% if the continuous background émoved). The Gaussian shape does
however concentrate proportionally more photons riea line center than the two-offset
Gaussian shape used above. This does howeverllyotdmpensate for the much lower flux
predicted by this spectrum. Using these specti@bgaties and applying the same procedure
as above to estimate the total OI-989 solar intgngie naturally find that the solar source
provides a small contribution to the 989 radiatimtd at high altitude, so that is becomes

difficult to account for the BEARS observation.

The suprathermal oxygen density correction thatagely here assumes that the hot

oxygen population produces a temperature incréegentodifies the oxygen scale height and
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diffusive profile above the exobase. In the absefoeollision, this approximation could be
insufficient far above the exobase. The assumptioseparate diffusive equilibrium for the
thermal and nonthermal oxygen population neverisefgoduces an upper bound, and the
real profile may be between these two approximatidine BEARS observed Ol intensities at
98.9 and 130.4 nm are nevertheless compatible e simple diffusive equilibrium

assumption.

Our radiative transfer model assumes that the grstite oxygen atoms ) are at
local thermodynamic equilibrium (LTE), i.e. thatetipopulation of the GP) sublevels is
proportional to the degeneracy of each level, githet the sublevels have nearly the same
energy. In the thermosphere, this assumption il \@@cause collisions occur sufficiently
often to maintain the LTE population. However, e exosphere, collisions are less frequent
and a departure from equilibrium can occur. Coftt®01] analyzed the effect of non-LTE
population of the GP) sublevels on the OI-130.4 nm radiative transéegounting for
collisions, fine structure radiative decay and neswe scattering, iteratively running a
radiative transfer code to consistently estimate ibn-LTE population accounting for the
three processes. He found that the collisionatitife largely dominates below 600 km (i.e.
about the exobase) but that radiative decay anothagge scattering begin playing a role

above that altitude.

We developed a model of the non-LTE (NLTE) popwolatdf the ground state oxygen
that uses the more recent reaction cross sectiafyggelman et al. [1994] describing the non-
elastic collisions between oxygen atoms in fRestate. We also included the effect of
electrons using the reaction rate coefficients @fjutgnot [1990]. Infrared relaxation of the
upper state of the multiplet is included using Huestein transitions parameters-A. ;-= 8.9
x 10° st Ajo.3-= 1.34 x 10° s* and A-o_3-= 1.75 x 10 s* [Froese Fisher and Saha,

1983]. Sharma et al. [1994]] did also use thesetiren coefficients to study the NLTE
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population of ground state oxygen up to ~600 km dethil the equilibrium relations
balancing the production and loss rates of the mpcgtate sub-levels. They found that the
ground state oxygen population very closely remahsLTE up to the exobase. We
introduced the effect of collisions with moleculaxygen and nitrogen to enforce that the
distribution will remain at LTE at very low altited In the absence of any knowledge of the
needed cross sections, we estimated them roughlubyming the relevant cross sections
from Zygelman et al. [1994] and apply a scalingthy mass of the colliding partner. This
procedure does not pretend to provide accurate @@dions: it is only introduced as a rough
first guess that will warranty LTE at low altitu@ehere it would in principle not be necessary
as collisions between atomic oxygen atoms are frequent and opposite processes satisfy
the detail balance conditions). We also include e¢ffect of UV radiative transfer on the
NLTE distribution of the ground state sublevelsngsan iterative method. Absorption of
radiation is computed for every modelled UV mukiplusing the wavelength-dependent
angle-averaged intensity as explained by Mihal®&8], which contribute as loss rates for
the ground state sub-levels. The radiative transberce functions (again detailed for every
line of every modelled multiplet) contribute to tipeoduction rate of the ground state
sublevels (a small correction is applied to copthuhe single scattering albedo, so that the
total production and loss rates of the ground staldevels, associated with the UV radiation
field, are equal for obvious reasons of consermatibthe total number of particles). To start
the iterative resolution, we first solve for the NE distribution of the ground state oxygen
neglecting any radiative transfer effect. The radeatransfer (of the 102.7, 130.4 and 98.9
nm multiplets) is solved using that NLTE resultdahe output is used to retrieve the NLTE
population including the radiative transfer resultse procedure is repeated iteratively using
the newly-computed NLTE population until the maxmuelative change of population

across the whole vertical profile is found to bealiar than 0.2% from one iteration to the
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other. This threshold was chosen to limit the nundfdterations, as the iteration process is

compute-intensive, while still obtaining a suffieiy good estimate of the NLTE population.

Figure 14 shows the NLTE population that we obtain using tmethod, under the
conditions prevailing for the BEARS sounding rockeinch. Clearly, The population nearly
follows the LTE distribution up to ~600 km, i.e.arethe exobase. At higher altitude, a
surprising result is found: the J=0 level is moopylated than under LTE conditions. We
found that this is due to 2 processes: first, tleeteon collision reaction rates of Péquignot
[1990] favor the excitation of the J=0 level. Sedpotine radiative transfer modifies the NLTE
population of the GP) sublevels. Indeed, we verified that accounting the inelastic
collisions between GP) atoms only (and the infrared relaxation), thpyation would tend
to concentrate in the J=2 sublevel as the altitadecreased. This result was obtained using
the MSIS atmosphere. Accounting for the non-themgttibution of the kinetic energy of the
oxygen atoms slightly modifies the picture, espéciabove ~1000 km, but not as to
dramatically change the total intensity of the UMltplets resulting of radiative transfer in

the altitude range where the BEARS data were obdain

The effect of the NLTE population on the modeled998m intensity is shown in
figure 15. The computed total intensity is very nearly thene as the LTE result shown in
figure 8, although, as pointed out by Cotton et al. [1991¢, detailed relative importance of
the lines of the multiplet can be modified. It rensathat scattering of the solar 98.9 nm

multiplet remains an important source of radiatioecessary to account for the BEARS data.

This NLTE modelling shown here does suffer a weakné neglects transport from
the exobase region upwards. Indeed, a particlengaaikinetic energy E=kT at the exobase
can reach an altitude located one scale heighteabims exobase. For example, let's assume

the exobase is located, say, atz 600 km where the gravific acceleration is
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0~9.81*R/rex~8.2 m & and the temperature is T~1000 K. Across smalldiss, let us
neglect variations of g with altitude and write thetential V=m g z. If a particle moves
upward with a kinetic energy ExKT, it can rise up to an altitude such that= o kT so that

Az =0 kKT/mg =a H with H the scale height. Replacing g and T kgirtlassumed values and
using the atomic oxygen mass, one finds that # 1, Az =H =63 km. This altitude is
reached after a travel time of ~ 125 s and thagbaneturns freely to the exobase after ~250
s. Similarly, particles having an energy of 6 kTulbreach an altitude of ~1000 km
(accounting for the decrease of g with altitudesnitime of flight on the order of ~300 s and
return to the exobase after ~600 s . These timles¢ahich neglect the effect of infrequent
collisions still occurring in the exosphere) areamsmaller than the radiative lifetime of the
ground state oxygen sublevels that amount to skekietas (~16 h for J=1 and ~3 h for J=0),
and it can be guessed that above the exobaseparangll be an important factor that will
tend to “project” the nearly LTE distribution ofdtexobase upward into the exosphere. The
real population of the ground state oxygen in theelr exosphere (a few scale heights above
the exobase) is thus certainly closer to LTE thdmatwwvas computed here. Solving the
problem in a consistent manner would require theeld@ment of a Monte Carlo model
coupling the non-themal gas dynamics accounting plootochemistry with the radiative
transfer. Such a study is beyond the scope of theept work but the discussion in the
above paragraphs suggest that we may expect egioibulation of the ground state oxygen

does remain close to LTE across several scale tseddpove the exobase.

5. Conclusions

We have modelled the radiative transfer of the 8B m multiplet and compared the
results with observations from the BEARS soundiogket and from the STP78-1 satellite.
We find that the resonance scattering of 98.9 notgis of solar origin is a primary photon
source that cannot be neglected at high altitudeye ~450 km under high solar activity
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conditions. We find that the inclusion of a hot ggyn geocorona with a corrected diffusive
equilibrium in the exosphere produces an incre&sleecoptical thickness of the medium that
allows us to reach a better agreement between thdelied and observed OI-98.9 nm
intensity. This increased oxygen density makele ldifference to the modelled Ol 130.4 nm
intensity at high altitude, and no substantial etéhce to the computed 135.6 nm intensity.
Inclusion of resonance scattering of the solar @#8mOmultiplet, that was not accounted for in
previous studies, allows to account for the BEARGNsing rocket measurement at high

altitude.
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Tables.

Reactiol Reaction coeffieni (cm®<s?)  AE (eV)

NO"+e-~ N+Q 4.3x1C(TJ3007" (22% 2.75
NO"+e -~ N(°D) + O 4.3x1C7(T/300  (78%) 0.3¢
0, +e- 0+C Torr et al. [199C (FLIP mode) 4.4z
O +N(D) - N(*s) + C ~7x1C* 2.3¢
0+0M) - 0+C 8x1C* 1.9¢€
O+C'(*P) - 0"+ 0 4x1C* 5.0(
O+C'(°D) - 0"+ 0O 5x1C* 3.31
NCD)+C" - N"+ 0O 5x1C* 1.4¢
0,+0" - 0.+ 0 2.1x1CH (T, + 2 T/3x3007° " 1.5¢
N, + QD) - No' + O 8x1C* 1.32
O(D)+N; - O+N, 2.0x1(exp(107.8 T 1.9¢
O'+H- O+H 2.2x1CH T9° KT;

N(°D) + C, -~ NO +C 6x1C* 3.7¢
NCP)+O- N+QC 1.7x1cH 3.5¢
NO+N - Nz+O 3.4x1CH 3.2¢
N(*S)+C -~ NO+C 4.4x1C* exp(-3220/T 1.38¢
N"+ O, - NO"+Q 2x1C*° 6.67
O'(’D)+ 0, - 0,"+ 0 7x1C* 4.86¢
O'CP)+N, - N’ + O 4.8x1C*° 3.0z
o(D)+C, - 0,+ 0O 2.9x1(* exp(67.5/T 1.9¢
0O;'+N - NO"+0O 1.2x1¢*¢ 4.2

NO + NfD) - N, + O 7x1ct 5.6¢

Ny (v=i) + O = Ny(v'=i-1) + C

M® Neal et al. [197¢

Table 1. Important exothermal reaction processes produi@iagoxygen atoms, with
their reaction coefficients and exothermichlf (after Richards et al. [1994]).

F10.7 ax 1@ b x 16 Bo X 107 Th (K)
70 0.790 2.934 0.729 10644
200 1.064 2.564 1.048 10487

Table 2. Fitting parameters obtained for the hot versusntlak ratio of equation (2)
under solar minimum and maximum conditions.
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930

931
932
933
934
935
936
937

938

939

Feature Iy g Ou Ay o
(nm) (sh

O | (135.6 nm) 1355598 5 5 4.20(3) 1
3p, <« 5% 1358512 3 5 1.36(3) 1
O | (130.4 nm) 130.2168 5 3 3.41(8) 1
CPo10< 38%) 1304858 3 3 2.03(8) 1
1306029 1 3 6.76(7) 1

O 1 (102.7 nm) 1025762 5 3 2.11(6) 0.7433
%P, 0« 3d°D%,; | 102.7431 3 3 3.17(7) 0.7433
102.8157 1 3 4.22(7) 0.7433

1025762 5 5 1.91(7) 0.7112

102.7431 3 5 571(7) 0.7112

1025762 5 7 7.66(7) 0.7106

O 1(98.9 nm) 98.8578 5 3 6.47(6) 0.99953

%P, 0« 35°D%,, | 99.0127 3 3 9.47(7) 0.99953

99.0801 1 3 1.25(8) 0.99953

98.8655 5 5 5.77(7) 0.99975

99.0204 3 5 1.68(8) 0.99975

98.8773 5 7 2.26(8) 0.99972

Table 3. Transition parameters of the oxygen FUY BV multiplets. Read 4.20(3)
as 4.20 x 1b The degeneracies are computed from the angularemmm quantum number
(g =2 J + 1). The lines multiplets are separatedub-multiplets according to their upper
substates, that can be identified from the degegega The single scattering albedos used in
our simulations are given in the last column, basethe Einstein transition parameters of the
branching transitions and those listed here. Alihbars are from Reader et al. [1980] and
Wiese et al. [1996] and can be easily found orNI&T web site.
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Figure 1. Oxygen distribution functions computed at 500 8088 km under high solar
activity. Solid lines represent the Monte Carlo @iation results, while the dotted lines show
the Maxwellian distribution function at the tempera predicted by the MSIS model. The
superthermal population consists in the small distaces found near E = 1 eV.
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Figure 10. Vertical profile of the intensity of the OI 98.902.7, 130.4 and 135.6 nm
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Figure11. Oxygen 98.9 nm intensity measured by the STP3&tdllite on March 21
1979. Data obtained during 10 rotations of thell&tgangular scans) were accumulated,
according to geographical selection criteria: thigude of the viewing tangent height was
located between -20° and -30°, the longitude batwkg0° and 170°, and the solar zenith
angle between 20° and 40°. The radiative transbemputed brightness is also shown. Red
lines represent the contribution of the resonastgttered solar photons entering radiative
transfer, the blue lines show the contribution led photochemical sources of photons, the
black curves represent the total. Dotted lines stimabrightness computed using the MSIS90
atmosphere. Solid lines show the brightness comdpuigluding the hot oxygen population
and correcting the total density accordingly appdydiffusive equilibrium.
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1026 Figure 12. Ol 130.4 and 135.6 nm intensities measured byyiRe78-1 satellite on 21

1027  March 1979 at daytime. Data obtained during 10tiarta of the satellite (angular scans) were
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accumulated, according to geographical selectidaria: the latitude of the viewing tangent
height was located between -20° and -30°, the tadgibetween 160° and 170°, and the solar
zenith angle between 20° and 40°. The 130.4 nmatiadi transfer computed brightness is
also shown (upper panel). Red lines represent oiméribution of the resonantly scattered
solar photons entering radiative transfer, the blimes show the contribution of the
photochemical sources of photons, the black cumesesent the total. Dotted lines show the
brightness computed using the MSIS90 atmosphelig Bees show the brightness computed
including the hot oxygen population and correctthg total density accordingly applying
diffusive equilibrium. The simulated Ol 135.6 nntansity is also shown (lower panel)
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1041 Figure 13. Dayglow intensity measured by the STP78-1 s&eadin 21 March 1979 at

1042  98.9 nm (left panel), 130.4 nm (middle panel) ad%.6& nm (right panel), average on two
1043  orbits. The average modeling of these emissiorasis shown (black curves) detailing the
1044  contributions of photochemical origin (blue curvasy solar origin (red curves). Dotted lines
1045 represent simulations realized using the MSIS90oaphere, solid curves account for the
1046  presence of the superthermal oxygen populationnasgu and correcting the total density
1047  accordingly applying diffusive equilibrium. A scadj factor is applied to the modeled total
1048 intensities to fit the observed brightness in atleguares sense (for look zenith angles larger
1049  than 100°).
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1054 oxygen sublevels, obtained assuming the atmospisegiven by the MSIS model, the
1055 ionosphere by the IRl model and accounting foratiect of UV radiative transfer.
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Figure 15. Ol 98.9 nm intensity profile computed under thadidons of the BEARS
sounding rocket launch applying an NLTE populatminthe ground state oxygen atoms
consistent with the computed UV radiation field.eTMSIS atmosphere is used in panel a,
while atomic oxygen has a nonthermal energy distigin in panel b and the diffusive density
profile is corrected accordingly. Dotted (dashedgd represent the intensity resulting from
the photochemical sources of radiation (from thattecng of the solar 98.9 multiplet,
respectively) and the solid line is the total. Temonds represent the BEARS observation.
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