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ABSTRACT

A diurnally varying photochemical-diffusive model of a neutral oxygen-hydrogen
mesosphere and lower thermosphere has been used to calculate the heating rates
resulting from the absorption of solar ultraviolet radiation. The model extended from
60 to 160 km and permitted a coherent study to be made of this region, unlike previous
investigations. In the thermosphere, where most of the absorption is by O,, only about
35 9% of the solar energy input appeared as local heating. The remainder of the input
was primarily removed as chemical energy in the form of a downward flux of atomic
oxygen into the mesosphere. This chemical energy was converted into heating by
reactions occurring near the mesopause. In the mesosphere, where absorption by O,
becomes important, a significant amount of the heating is realized indirectly by chemi-
cal reactions. An important consequence of this indirect heating is that it continues
at night between about 80 and 100 km, unlike the situation in the thermosphere where
there is almost no nocturnal heating in the model. Airglow emissions, primarily by
electronically excited O, in the thermosphere and especially by vibrationally excited
OH in the mesosphere, represent important cooling mechanisms in the model. In
particular it is estimated that at 88 km. the OH airglow emission could remove about

30 % of the local energy input averaged over 24 hours.

Introduction

A knowledge of the heat budget is funda-
mental to understanding how the atmosphere
functions. For the region under consideration
here, 60—-160 km, the heat budget is determined
by the solar energy input and its subsequent
redistribution by chemical reactions, infra-red
radiative transfer, diffusive transport of active
chemical constituents, meteorological terms
(i.e. large scale motions, tides, gravity waves,
turbulence) together with other possible mecha-
nisms. In general workers in this field have
restricted their studies to specific features of the
overall budget. Likewise the present study has
been limited to those diurnal heating terms
which can be directly calculated with a diffusive-
photochemical model of a hydrogen-oxygen
mesosphere and lower thermosphere.

Previously Murgatroyd & Goody (1958), Kon-
ashenok & Shved (1968), Leovy (1964), Johnson
& Gottlieb (1970), Crutzen (1971) amongst
others, have considered photochemical heating
of this region, normally as part of more general
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investigations, but with much more limited
models than that used here. The present model
is derived from an earlier model, Hunt (1971),
which was used to calculate the concentrations
of the following gases, O(3P), O(D), O,, O,,
H, OH, HO,, H,, H,0, H;0,, and CH,. In
addition to the above gases the concentrations
of O('8), O4(*4,) and 0,(1Z]) were calculated
in this study, as the determination of the
atmospheric heating resulting from photo-
lysis and chemical reactions requires the in-
clusion of the electronic excitation for the
principal gases. These inclusions made very
little difference to the concentrations of the
11 original gases. The midday and midnight
profiles of the principal gases are plotted in
Fig. 1.

Because of the limitation of the model to a
neutral hydrogen-oxygen atmosphere, all heat-
ing associated with reactions involving nitro-
gen compounds, ionized constituents and
electrons was excluded. Such heating is probably
small compared with that of a hydrogen
oxygen atmosphere. Also it was assumed that,
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Fig. 1. Midday and midnight concentrations of the principal gases considered in the model.

apart from vibrationally excited OH, any
vibrational or rotational excitation was rapidly
deactivated to produce local heating of the
atmosphere. Some considerations advanced by
Crutzen (1971) indicate that this is probably
a reasonable assumption for vibrationally
excited O, above 70 km.

All calculations are for the time of the
equinox at the equator.

Reaction scheme

The complete reaction scheme together with
the exothermicities of the reactions is given
in Tables 1 and 2.

The data for the absorption coefficients and
soldr radiation intensities are the same as used
previously and will therefore not be repeated
here. The precise dissociation products of O,
and O, are not known at this time. Thus O(1S)
can result from O, dissociation at short enough
wavelengths. Also there is some doubt whether
O('S) and Oa(’E: ) are produced by dissociation
of O,. The effect of these uncertainties is
small as regards the overall heat budget.

In Table 2 the recombination of O(*P) atoms
by reaction 8 has been assumed to follow
two paths giving alternative electronically

Table 1. Photodissoctation processes

No. Reaction

O(*P) +O(*P), A<2, 424 A

R1 Oz;+hy—>
O('D) +0(*P), A<1, 750 A
Jp=5.2 x 108 sec!
O(*P) + 0,(*Z,~), A<11, 800 A
O(*D) + 0,(*A,), A <3, 100 A

R2 O4+hy—>0(D)+0,(Z,*), 1 <2, 670 A
O(18) + 0,(1A,), A<1, 993 A
O(18) + 04(1Z,*), A<1, 800 A
Jp=9.7x10-3 gec!

R3 H,O+hy~H+0H,1<2,390 A
Jo=1.1 x10-% sec?

R4 H,0,+hv—+20H, 1<5, 650 A
Jo=1.5 x10"sec?
CH,+H,, 1<2, 820 A

R5 CH,+hy—>
CH-+H+H,,i<1, 360 A
Jy=17.3 x 108 sec?

For A<1, 360 A 759 of the dissociation is assumed
to go via the lst path, 25 % via the 2nd path, see
Strobel (1969).
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Table 2. Chemical reactions and their rate constants

No. Reaction Reference

R6 O(®P) + 03 + M~ 04 + M + 25 keal (7.6 x 103 exp (890/RT)) Benson & Axworthy (1965)
R7 O(*P) + 0, 20, + 93 keal (5.6 x 101 exp (—5 700/RT)) Benson & Axworthy (1965)
R8a  O(P)+O(P) + M0, (*X,*) + M +80.8 keal (10%) (2.7 x10-3)  See text.

R8b O(P) + O(°P) + M0, (1A,) + M+ 95.8 keal (90 %)

R9 O, +hy >0, (1Z,*) —37.6 kecal Wallace & Hunten (1968)
R10 3 O(P)~O (18)+ 0, +21.8 keal (2.0 x 10-34) Young & Black (1966)
R11 O(18)~>O(*D) + hv + 51.2 kcal (1.4) Leblanc et al. (1966)
R12 0(1S) + O, O(°P) + O, + 96.6 keal (2.1 x 10-1%) Zipf (1969)

R13 O(1D)~ O(*P) + hy + 45.4 keal (10-2) Peterson et al. (1966)
R14  O('D)+0,~>O(P) +0,(1% +) + 7.8 keal (5.0 x 10-11) Zipf (1969)

R15 O(1D) + Ny~ O(*P) + N, + 45.4 keal (7.0 x 10-11) Zipf (1969)

R16  O,(1E,*)~O0,+hv +37.6 keal (0.085) Wallace & Hunten (1968)
R17  O,(*3,*) +N,>0, + N, +37.6 keal (1.5 x 10-19) Zipf (1969)

R18 0,(*S,*) + 0520, + O(*P) +12.4 kcal (7.1 x 10-12) Zipf (1969)

R19  O,(*A,)~0,+hy +22.6 keal (2.8 x 10~%) Badger et al. (1965)

R20 0,(*A,) + M~ 0, +M +22.6 keal (4.3 x 10-1%) Clark & Wayne (1969a)
R21  O,(*A,)+ 0,20, + O(°P) — 2.6 keal (6.7 x 10~ exp (—3100/RT)) Clark et al. (1970)

R22  O,(*A,) + O(*P) >0, + O(*P) + 22.6 keal (1.0 x 10-2¢) Clark & Wayne (1969 b)
R23  O(1S)+ H,0->20H + 80.0 keal (7.0 x 10-11) Filseth et al. (1970)

R24  O('D)-+H,0-20H +28.8 keal (3.0 x 10-11) Biedenkapp et al. (1970)
R25 O(1D) + H,~OH + H + 43.6 keal (1.9 x 10-19) Zipf (1969)

R26 O(*P) +H,~OH +H - 1.8 keal (2.1 x 10! exp ( — 9400/RT) Schofield (1967)

R27  O(ID)+CH,~CH,+OH +43.7 keal (2.2 x 10-10) Young et al. (1968)

R28  O(P)+CH,~CH, + OH — 1.7 keal (5.3 x 10-11 exp ( —7950/RT))  Schofield (1967)

R29 H+H-+M->H,+ M+ 104 kcal (2.6 x 10-3%) Larkin & Thrush (1964)
R30  H+0,+M->HO,+M+47 keal (2.6 x 10-*2 exp (1600/RT)) Clyne & Thrush (1963)
R31  O(*P)+OH-H 0, +16 keal (5.0 x 10-11) Kaufman (1964)

R32 O(*P) + HO,~ OH + 0, + 55 keal (1.0 x 10-11) Kaufman (1964)

R33 O(3P) + H,0,—~OH +HO, + 13 kecal (1.0 x 10-15) Foner & Hudson (1962)
R34  H+0,~O0H+0,+77 keal (2.6 x 10-11) Kaufman (1964)

R35  H+HO,~H,+0,+5T7 keal (2.0 x 10-15) Clyne & Thrush (1963)
R36  HO,+HO,-H,0,+ 0, +42 keal (3.0 x 10-12) Kaufman (1964)

R37 OH +HO,»H,0 + 0, + 72 keal (1.0 x 10-11) Kaufman (1964)

excited states of O,, although laboratory sub-
stantiation for this assumption is not available.
The rate constant for the total path is taken
from Reeves et al. (1960), whose measurements
were based on the disappearance of O(*P) atoms.
Wallace & Hunten (1968) and Evans et al.
(1968) in comparing theoretical and experi-
mental profiles for O,(*Z]) and 0,(*A,) respec-
tively, concluded that R 8 was the most likely
reaction capable of providing a small source
required for both of these gases around 90
km. Evans et al. stated that essentially the
whole of R8 was required to go via path (b),
while Wallace & Hunten needed between 2.5
and 25 % for path (a). Arbitrary values of 10 %
and 90 % have therefore been assigned here to
paths (a) and (b) respectively. Obviously
further laboratory studies are necessary to
clarify this situation.
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Heating rates at midday and midnight

Illustrated in Fig. 2 are the apparent and
actual heating rates at midday owing to the
absorption of solar radiation by O, and Oj.
Photolytic heating by the other gases in the
model was negligible. The apparent heating
rate is that which would result if all of the
absorbed solar radiation was converted imme-
diately into kinetic energy locally in the
atmosphere. In actuality a considerable amount
of the absorbed radiation goes into chemical
energy, which is stored in the dissociation
products consequent upon the breaking of the
molecular bonds. This can only be transformed
into thermal energy by subsequent chemical
reaction. Additional energy is also stored
as electronic excitation of the dissociation
products. When allowance is made for this
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Fig. 2. Apparent and actual heating rates at midday
following absorption of solar radiation by O, and O,.

stored energy the actual heating rate is much
less than the apparent rate, the respective
values at 160 km are approximately 130 and
1 100°K/day for O,. Similar apparent heating
rates have been given by Lagos (1967) for the
thermosphere.

Below 110 km the O, heating rates decline
very rapidly owing to the attenuation of the
incident solar radiation capable of dissociating
O;. The variation of the O; heating rates in
Fig. 2 follows from the O, distribution. The
kink in the curve around 75 km is associated
with a deficit in the Oy concentration, which
resulted from the incorporation of vertical
diffusion in the photochemical calculations. This
O; deficit appears to be a feature of the real
atmosphere, although it is undoubtedly over-
estimated in the model, Hunt (1971). As for
O, only about 10% of the solar radiation
absorbed by O, produces any immediate
heating. The apparent heating produced by
resonance excitation of O, to 0,(*Z}) is almost
altitude invariant, as indicated in Fig. 2. The
actual O, heating rate by resonance scattering
was not determined, as this requires knowledge
of the percentage of the total O,(1X;) formed
by resonance scattering, as well as the percen-
tage of the total deactivation which is due to
R17 and R18. Although not included in this
model absorption of infra red solar radiation by
CO, can also result in significant heating in the
mesosphere according to Houghton (1969).

The heating rates produced by deactivation
of the electronically excited states of oxygen
are given in Fig. 3; the contribution by O(S)
was less than 10-2 °K/day for the O(!S) sources
included in the model and is omitted from the
figure. Since O(!D) is very efficiently deacti-
vated in the atmosphere by N,, the solar
radiation converted into this electronic excita-
tion by photolysis reappears almost immediately
as local heating, being equivalent to a heating
rate of approximately 270°K/day at midday in
the thermosphere. The sum of the O('D)
heating rate and the O, actual heating rate
in Fig. 2 indicates that about 35 % of the initial
solar energy absorbed can be considered to
constitute local heating in the thermosphere,
asimilar percentage has been given by Johnson &
Gottlieb (1970). The heating resulting from
reaction R14 is very much less than that for
R15, as the O(*D) excitation energy is almost
entirely converted into electronic excitation of
the 0,(*Z}) molecule formed in the reaction.
Heating by the physical deactivation of O,(*A))
and O,(1X}) is small in the thermosphere where
their concentrations are low, but in the meso-
sphere this heating becomes comparable with
that of O('D) reactions. The variation with
height of the heating rates in the mesosphere
follows from the Oj vertical distribution.

The rather insignificant midnight heating
rates in Fig. 3 are confined to the upper meso-
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Fig. 3. Heating rates at midday and midnight from
reactions involving electronically excited forms of
oxygen.
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Fig. 4. Heating rates at midday and midnight from
neutral hydrogen and oxygen reactions.

sphere, and follow from the low concentrations
of 0,(*A,) and O,(*Z;) calculated by the model
after sunset when most of the excitation sources
for these gases are terminated.

In Fig. 4 heating by neutral chemical reac-
tions is shown. This heating is important only
below about 95 km, the principal contributing
reactions at midday being 3-body formation of
O; and HO,; and reaction of O(*P) with HO,.
The nocturnal heating is fairly similar but is
relatively more important in view of the small-
ness of the other heat sources. The dominant
reactions are O, formation and reaction of O(?P)
with OH and HO,. Almost no chemical heating
occurs below 80 km at night following the
reduction of the H and O(*P) concentrations
at these levels, as shown in Fig. 1. The thermo-
spheric heating by reaction R31 follows from the
source of OH produced by the reaction of
O(*P) with H, in this region, this reaction per-
sists throughout the night. TFairly similar
results have been given previously by Kona-
shenok & Shved (1968) for some of these
reactions in the mesosphere.

Finally reactions which ‘“‘cool” the atmos-
phere have to be considered. The only important
reactions in this class are airglow mechanisms,
endothermic reactions such as R21 are very
minor heat sinks. The airglow emissions cool the
atmosphere by radiating the excitation energy
of the gases, which would otherwise ultimately
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be converted into heat. The airglow cooling
rates are illustrated in Fig. 5, the maximum
cooling rate of about 20°K/day is attained at
120 km at midday by emission of the oxygen
A bands, R16. This rate is very small when
compared with the corresponding O, apparent
heating rate of 1 100°K/day at the same height
in Fig. 2. An accurate estimate is impossible
in the case of cooling by emission from the
vibrationally excited OH formed in the reaction
of H and O, R34. An upper limit has been
given here by assuming that the 77 kcal/mole
exothermicity of the reaction is entirely emitted
as OH airglow. Since physical deactivation of
the excited OH, or reaction with O(*P), may
occur prior to emission the error may be con-
siderable. Crutzen (1971) has considered possible
OH deactivation mechanisms in more detail.
The maximum apparent cooling by this air-
glow is at 85 km, with the highest cooling rate
of 10°K/day being attained at night. The
nocturnal increase in the cooling rate follows
from the higher O, concentrations at this time,
see Fig. 1, while the marked reductions in the
H concentrations below 80 km at night severely
restricts the OH airglow cooling in this region.

The remaining heating term which can be
estimated from the model is that associated
with the diffusive fluxes, although only the
heating resulting from the transport of chemical
energy is considered here. Only the O(°P)
diffusive flux had any significant thermal

160 v T v
150 L] e J
| MIDDAY
140p \ ______ MIDNIGHT
130+ / ‘ .
e |
2'120' e
x
MR, E
- NN
L0020 AR 4
—_—

-10° -0 -10? -10?
HEATING RATE (°K/DAY)

Fig. 5. “Cooling” rates at midday and midnight
associated with airglow emissions.
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Fig. 6. The variation with height at midday of the total radiative and reactive heating rates and the
“cooling” rates due to airglow emission and divergence of atomic oxygen.

effect in the model, producing a large apparent
cooling of about 300°K/day near 130 km, as
shown in Fig. 6. The convergence of this flux in
the mesosphere was equivalent to a very much
smaller heating rate because of the larger
atmospheric density there. Although the O(3P)
flux is shown as a cooling rate in the thermo-
sphere, the removal of the O(®P) chemical
energy by itself does not produce any cooling.
However it does prevent this energy from
appearing as heating, which would happen
if sufficient time was available for reaction.
Also shown in Fig. 6 are the midday total
heating rates for each mechanism and the net
hé¢ating rate. The grand total heating rate,
not given in Fig. 6, is the sum of the total
chemical and total actual radiative heating
rates. The difference between this grand total
heating rate and the total airglow cooling
rate was used to define the net heating rate in
the figure. The importance of the divergence
cooling can be assessed from this figure, as in
the absence of this mechanism the heating
rate would be nearly doubled to approach
that of the apparent solar absorption rate over
much of the thermosphere. In fact only below
about 80 km is the net heating rate equal to the

apparent solar absorption heating rate. Note
that the sum of the heating and cooling rates
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Fig. 7. As for Fig. 5 but at midnight.

Tellus XXIV (1972), 1



PHOTOCHEMICAL HEATING OF THE MESOSPHERE AND LOWER THERMOSPHERE 53

-
<

HEATING RATE (*K/DAY )
8
—

2

e
L

\nnmu TOTAL SOLAR ABSORPTION WEATING

ACTUAL TOTAL SOLAR  ABSORPTION WEATINS
eTaL CHEMIEAL WOATING
'aineLew = cosLine”

-
4
H
i vimsene ~cracua®
H

-
_.-._.-n:.lr-—.;._/.-.- o

ST (mmract)

TIME IN DEGREES FROM NOON

Fig. 8. The diurnal variation of the various heating components at 88 km.

is not equal to the apparent solar absorption
heating rate in the thermosphere at midday,
as the O(®P) concentration is increasing at this
time and thus storage of chemical energy
results.

The corresponding midnight situation is
shown in Fig. 7, The O(*P) divergence curve is
almost time invariant and illustrates the
importance of this term in the heat balance of
the thermosphere. Only neutral chemical
reactions are important as heat sources in the
model at night, hence the thermospheric
heating rate is very much smaller than at
midday. In the mesosphere the major change
is the drastic reduction of reactions below
about 80 km; the airglow cooling rates are very
nearly equal to the chemical heating rates in
this region.

Diurnal variations

In the thermosphere the diurnal variations
of the total radiative and reactive constituents
identified in Figs. 6 and 7 are virtually step-
functions symmetrical about midday, with
ordinates in the sunset and sunrise periods.
Consequently the heating rates averaged over a
day are very nearly one-half the midday rates
given in Fig. 6. Above about 120 km the daily
mean net heating rate is approximately 190°K/
day, which should be contrasted with the
midday apparent radiative heating rate of
1 100°K/day. Part of this net heating rate is
counteracted by thermal conduction and other
mechanisms, and part appears as a diurnal
variation of the thermospheric temperature,
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estimates of which are available in the CIRA
1965 model atmosphere. The divergence ‘‘cool-
ing” by the O(*P) flux has a much smaller
diurnal variation than the other heating
terms. At 160 km there is a 20-fold variation
with a minimum in the afternoon and a maxi-
mum at dawn.

The situation at 88 km is illustrated in
Fig. 8. The two radiative heating curves are
not symmetrical about midday owing to
variations in the O, concentration near sunset
and sunrise. At these times the heating by O,
is very small as the very long pathlengths
involved attenuate the relevant wavelengths.
“Spikes” appear in the radiative curves at
dawn, as noted previously by Leovy (1964),
resulting from the destruction of the nocturnal
O, increase in this region. The divergence term,
which is actually a heating term at 88 km,
is almost time invariant with most of the
heating being realized by reaction R6. The
higher chemical reaction heating during the
day compared to the night results primarily
from deactivation of O(!D) and O,(*%;); at
night these gases virtually disappear. Crude
estimates of the daily mean heating rates from
Fig. 8 indicate that the total heat input is
about 15°K/day, the actual heating rate being
10°K/day and the airglow cooling rate 5°K/
day. Thus about one third of the heat input
at 88 km may not be realized as local heating.
Extensive estimates of the diurnal heating
rates in the mesosphere based on apparent
solar absorption by O, and O; have been
presented by Murgatroyd & Goody (1958). In
addition Leovy (1967) has made a rough esti-
mate of the heat budget of this region based on
the known sources and sinks of energy.
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Conclusions

This study represents only one of the many
facets of determining the heat budget of the
mesosphere and lower thermosphere. Estimates

of some of the other components of the budget
will be more difficult to obtain, but are neces-
sary before this region of the atmosphere can
be adequately modelled.
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G®OTOXUMMUUYECKUAN HATPEB ME3OC®EPEHL U XMMHEN TEPMOC®EPHI.

®dotoxumuyeckn-1uPPy3noHHAsA MOAeIb Hell-
TPadbHOM KHCJIOPOAHOBOLOPOAHON Me3zoceph
U HHMHell TepMocepH C YYeTOM CYTOYHOrQ
xofa OBIIa MCHOJIB30BAaHA [JA BHYHMCIEHHS
cKopocTell HarpeBaHmus, Ojarogapsa mnoriomule-
HHI0 COJNHeYHOH yJabTpaduoieToBOd pagmanuu.
Mogens npocrupaerca oT 60 po 160 KM u
MO3BOJIAAET NPOBECTH, B OTIMYME OT HpegsAy-
X UCCJAeAoBaHNl, COTJIACOBAHHOE HMBYy4YeHME
aToit obOnacru. B Tepmocdepe, rme Goabmas
yacte noraoumeHnss obycaoBieHa O, TOABKO
0K0JI0 359, NOJBORUMON COJIHEYHON bdHeprum
NpPOABIAETCA B JIOKAIBHOM Harperanuu. Ocrans-
HAfA 4acTb BHEPrUM OTBOAUTCA, TIIABHHM ofpa-
30M, B BHUJe XMMHYECKON pHepruu HampasieH-
HOro BHH3 B Mesocepy IIOTOKA AaTOMapHOro
KHCI0pofa. 9Ta XHMMHUYecKas OJHepTHf Ipe-
BpalmaeTcA B TeIUIO IIPU PeaKIUAX, IPOUCXO-
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aAamux BOauam Mesomaysel. B mesocdepe, rae
MOTJIOIEeHNe O030HOM CTAHOBUTCA CYIIEeCTBEH-
HHM, 3HAUYATEIbHAA BeJUYNHA HArPEeBAHMA pea-
JIU3YeTCA HEeIpPAMEIM 06pasoM NPH XMMHYECKHUX
peaxknuax. BaskHHEM ciegcTBHEM 2TOr0 He-
NMpAMOr0 HAarpepa HABJIAETCA TO, YTO OH IpO-
DOJKaeTCA M HOYBIO HA BEICOTAX MeKAYy, INpH-
6ausurensuo, 80 m 100 KM, B oTIMYMe OT CH-
Tyanuu B Tepmocdepe, I'ie B HAHHON MoOAeJH
TOYTH HET HarpeBaHHA HOYBID. OMUCCHM CBe-
4eHUA BO3AYXa, INIaBHHM 00pas3oM, 3JIEKTPOHHO
Bo36ymaenHoro O, B TepMocgepe u, ocobeHHO,
BuGpanuorno BosOympernoro OH B Tepmo-
cepe, HpeACTABIAKT B MOJedN BayKHBE Me-
XaHM3MB OXJaKAeHUA. B wacTHOCTH, oueHEHO,
yro Ha BhicoTe 88 KM cBeueHue OH wmosker
yaanmurbk okoso 309, JIOKAJIBHOrO MOABOMAA
9HepruM, OCPeJHEHHOI0 32 CYTKH.



