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Recombination of Atomic Oxygen Near the Mesopause:
Interpretation of Rocket Data
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From the observations of atomic oxygen concentrations during the Energy Budget Campaign 1980,
heating rates in the lower thermosphere at high latitude for late fall are derived and are found to be
rather high. Useful information is also inferred for the vertical transport of mass and heat at these
heights. The eddy diffusion coeflicient which is derived from the data decreases with decreasing altitude
below 100 km and reaches a minimum value of the order of 10 m? s~! near the mesopause. Such low
value implies a low minimum concentration of nitric oxide (10°-10° cm ~3) near 80 km.

1. INTRODUCTION

Recombination of atomic oxygen is one of the most impor-
tant heating mechanisms in the lower thermosphere and is an
important step in the conversion of solar radiative energy into
atmospheric thermal energy. Indeed, the solar ultraviolet radi-
ation is absorbed by molecular oxygen (O,) which is photo-
dissociated to produce two oxygen atoms (O):

Jo,
O,+hv—>0+0 8))]

On the average, the thermospheric production of odd
oxygen which produces a downward flux of atomic oxygen
must be balanced by a destruction occurring at lower levels.
This simple one-dimensional picture, however, applies to glo-
bally mean steady state conditions, but in the real world, the
flux divergence results not only from vertical transport but
also from horizontal (meridional and zonal) mass exchanges.

The lifetime of atomic oxygen above the mesopause is large
(5 days at 90 km, 1 month at 95 km, 2 months at 100 km [see
Brasseur and Solomon, 1984]), so that these atoms can be
transported (together with their related enthalpy) to relatively
long distances (~ 5000 km at 95 km, assuming a meridional
velocity of 2 m s~ !} before they recombine. Thus the average
meridional flow which is directed from the summer to the
winter hemisphere transports atomic oxygen from a region
where it is produced by solar light to a region where it is
destroyed by recombination. In this latter part of the atmo-
sphere, the net vertical mass flow is a strong subsidence which
transports species such as O, NO or CO downward. Turbu-
lent diffusion resulting, for instance, essentially from the
breaking of gravity waves acts as a significant transport mech-
anism responsible for strong mixing and dissipation above the
stratopause.

The one-dimensional approach which is used in the lollow-
ing discussion is thus only a first approximation but should
give a rough picture for the overall vertical transport and its
variability during winter days at high latitudes.
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Vertical profiles of atomic oxygen density were measured at
several occasions during the Energy Budget Campaign 1980
[Dickinson et al., 1985]. A very preliminary analysis of these
data with respect to heating rates and vertical eddy transport
was performed by Offermann [1985]. The purpose of the pres-
ent paper is to present a more detailed analysis of these high-
latitude data and to derive quantitative values of the heating
rates in the 80- to 100-km range. Furthermore, assuming that
the measured profiles represent typical conditions, an order of
magnitude of the eddy diffusion coefficient K can be derived in
the lower thermosphere by inverting the continuity/transport
equation of odd oxygen.

2. THE Data

The atomic oxygen abundance in the thermosphere was
obtained from rocket-borne UV resonance lamps launched
together with many other rockets from Esrange, Sweden (67.9°
N, 21.1°E), on November 10, 1980, at 2345 LT (salvo C) and
on December 1, 1980, at 0012 LT (salvo A2), respectively
[Dickinson et al., 1985]. During salvo C the geomagnetic con-
ditions were completely quiet, while during salvo A2 they were
strongly disturbed (for details, see Offermann [1985]). Figure 1
shows the two atomic profiles as they are used for the purpose
of the present study. In order to deal with vertical distri-
butions which are representative of average conditions over a
sufficiently long period of time, small structures and waves,
which are transient phenomena, have been removed from the
observed profiles.

The two profiles are significantly different, as the first, which
was measured during quiet conditions, peaks with a con-
centration of 1.1 x 10!2 cm™2 at 96 km, while the second,
measured during strong geomagnetic disturbance, reaches a
maximum of 4.5 x 10'! cm ™3 at 94 km. It appears difficult to
relate the differences in atomic oxygen profiles to the differ-
ences in magnetic activity. It is rather believed that they are
due to differences in the dynamical state of the atmosphere at
lower altitudes (for details, see Offermann [1985]).

Comparison of the smoothed curves with other measure-
ments of atomic oxygen shows that the salvo C profile is
approximately representative of normal atmospheric con-
ditions, as far as profile shape and absolute number density
are concerned. The profile of salvo A2, on the contrary, ap-
pears to be an example for an atmosphere with strong dynam-
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Fig. 1. Vertical distribution of the atomic oxygen concentration
observed at 67.9°N latitude on November 10, 1980, and December 1,
1980. The curves have been slightly smoothed to remove the small-
scale structure.

ical or turbulent disturbance present [Offermann et al., 1981;
Kopp et al., 1985; P. H. G. Dickinson, private communication,
1985].

The distributions of temperature and concentrations of O,
0,, and N, adopted for the present calculations are given in
Tables 1 and 2. Temperatures were derived by downward inte-
gration of total atmospheric densities. Density profiles were
measured during the salvoes by active and passive falling
spheres [Philbrick et al., 1985; Schmidlin et al., 1985]. Several
temperature profiles obtained on one day were averaged and
smoothed to eliminate small-scale structures [ Kuechler, 1985].
For November 10-11, 1980, the temperature above 90 km was
taken from the U.S. Standard Atmosphere (1976) with a
smooth transition to the falling sphere data. Mass spec-
trometer data confirm that this is a reasonable approximation
to the mean temperature profile on this particular day [ Dickin-
son et al., 1985].

Number densities of N, and O, in Table 1 were obtained
from the smoothed mass density profiles by assuming a N,/

TABLE 1. Vertical Distribution of the Temperature and the
Concentration of O, O,, and N, Adopted in the Case of
Salvo C (November 10-11, 1980)

Concentration
Temper- Atomic Molecular Molecular
Altitude, ature, Oxygen, Oxygen, Nitrogen,
km K cm™3 cm™3 cm™3
84 203.8 1.85 (10) 3.07 (13) 1.14 (19
86 201.6 215(11) 2.37 8.84 (13)
88 196.5 520 1.85 6.91
90 192.2 8.12 1.38 (13) 5.18
92 191.2 9.78 (11) 9.90 (12) 3.75
9% 189.7 1.07 (12) 6.38 246
96 189.8 1.09 399 1.57
98 192.2 1.05 (12) 2.52 1.03 (13)
100 195.6 9.44 (11) 1.61 6.89 (12)
102 199.9 8.14 1.03 (12) 4.69
104 205.7 6.88 6.70 (11) 3.27
106 213.1 5.84 433 2.29
108 223.7 4.96 2.82 1.62
110 240.8 422 1.75 1.10 (12)
112 264.0 3.62 1.16 (11) 7.85 (11)
114 288.0 3.14 7.90 (10) 5.76
116 3153 2.76 5.51 4.27
118 339.3 246 395 3.21
120 359.0 2.26 (11) 2.89 (10) 245 (11)

Read 1.85 (10) as 1.85 x 10'°.

TABLE 2. Vertical Distribution of the Temperature and the
Concentration of O, O,, and N, Adopted in the case of
Salvo A2 (December 1, 1980)

Concentration
Temper- Atomic Molecular Molecular
Altitude, ature, Oxygen, Oxygen, Nitrogen,
km K cm 3 cm”? cm~3
78 2239 20(10) 7.15 (13) 2.67 (14)
80 221.8 6.7 5.26 1.96
82 221.5 1.47 (11) 3.63 1.36 (14)
84 2206 2.66 2.64 9.82 (13)
86 218.2 3.74 1.97 7.36
88 213.5 4.19 1.53 5.73
90 206.9 442 1.14 (13) 427
92 202.6 453 8.65(12) 3.27
94 195.9 4.56 6.39 2.46
96 191.8 449 4.53 1.79
98 185.9 431 3.22 1.32(13)
100 1854 385 2.16 9.26 (12)
102 189.1 3.12 1.45 (12) 6.59
104 201.4 261 9.24 (11) 452
105 226.7 223 5.66 2.99
108 254.6 1.96 3.32 1.91
110 2847 1.77 1.89 1.19 (12)
112 318.7 1.61 1.18 (11) 8.02(11)
114 3528 1.46 7.69 (10) 5.60
116 386.9 1.34 545 422
118 4175 1.22 (11) 4.07 (10) 331 (1)

O, density ratio as given in the U.S. Standard Atmosphere
(1976). On November 10-11, 1980, no falling sphere data were
available above 90 km. There was, however, a mass spec-
trometer measurement of the N, number density above 98
km. This was used instead, and the gap between the two data
sets was bridged by interpolation.

3. THE CHEMICAL SCHEME

In the region near 100-km altitude, the behavior of O and
O, can be described to a good approximation by a “pure
oxygen” chemistry. In this case, in addition to the photo-
dissociation of O,, one has to consider the recombination of
atomic oxygen by the following processes:

k1

O+0+M > O, +M  (+¢) )
k2

O0+0,+M—> O, + M (+¢3) 3)
k3

O0+0; — 20, (+¢&5) O]

where M (mainly O, or N,) is an atmospheric molecule acting
as third body in (2) and (3). The rate constants can be ex-
pressed as

k; =47 x 10733 (300/T)? cm®s~?!
k, = 62 x 10~%* (300/T)> cm®s~*
ky=15x 107 exp (—2218/T) cm3s™?!

The release of energy by these chemical processes is given by
(see, for example, Brasseur and Solomon [1984]) ¢, = 5.12 ¢V,
g, =1.05eV,and &, = 4.06 eV.

Below 90 km the influence of the fast reacting hydrogen
species becomes significant for odd oxygen destruction, so that
the following additional reactions have to be considered:

ks
H+0O; - OH+0, (+s&,) (3
ks
OH+0O0 > H+ 0O, (+es) (6)
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Fig. 2. Daytime average of the OH concentration versus altitude.
Working values adopted for the present calculations are in good
agreement with the figures provided by a full diurnal model at 67.9°N
on November 10 and December 1.

ke

HO,+0 — OH+ 0, (+¢) 0

k7

H+0,+M > HO,+M  (+&,) ®)
with

k, =14 x 1071% exp (—470/T) cm?s~!

ks =22 x 10'! exp (117/T) cm>s~!

ke = 3.0 x 10! exp (200/T) cm?s~!

k, = 5.5 x 10~3% (300/T)® cm®s™!

The corresponding energy releases lor these reactions are
g, =334 eV, ¢5=0.72 eV, &, =239 eV, and ¢, =20 eV.
These numbers can be approximately converted to kcal/mol
by multiplying them by 23.

The energy released by reactions (2) to (8) is given by

E= Elkl[M][O]z + £,k,[M][0,][0] + &3k;[0,1[O]
+ &4k, [HI[O;] + £5ks[OHI[O] + g6k + [HO,][O]
+ &7k,[MI[H][O,] 9

When adopting photochemical equilibrium conditions for OH
and HO, (neglecting the external sources and sinks for total
odd hydrogen),

ks[OI[OH] = ks[OI[HO,] + k,[H][O;] (10)
k,[MI[H][O,] = k¢[OI[HO,] (1n
together with the energy conservation relations
€, =85+ &+ &y
&3 = €4 t+ &5
one obtains the simplified relation for the energy release
E = ¢,k [M][O]* + £,k,[M][0,][O]
+ &3k3[O3]1[0] + e cks[OH][O] (12)
where

e — £1k,[MI[O,] + &3k, [0;]
o k;[IMI[O,] + k. [O;]

13)

Since ¢, = 5.11 eV and &; = 4.06 eV, an intermediate value of
&4 = 4.5 eV can be adopted without appreciable error. The
calculation of E requires, beside the specified values of [O],
[O,], [M], and T given in Tables 1 and 2, the concentration
of ozone and of the hydroxyl radical. For the first of these
components it is assumed that O; is photochemically con-

trolled by O [Brasseur and Solomon, 1984]. The calculation of
the OH concentration is not straightforward, since it depends
on the water vapor abundance, which is dependent on dynam-
ical and photochemical conditions and is thus highly variable
in space and time. Figure 2 shows the profiles of the diurnally
averaged OH concentration adopted in the present study for
the November 10 and December 1 experiments. These high-
latitude winter values are very close to the figures obtained
from a full diurnal model in which the water vapor mixing
ratio is 4.2 parts per million by volume (ppmv) at 85 km, 2.2
ppmv at 90 km, and 1.3 ppmv at 95 km. In order to obtain the
24-hour average of the OH concentration, the values quoted
in Figure 2 were multiplied by T,/24, where T, is the length of
the day which is equal to 9.6 hours in the case of salvo C and
8.2 hours for salvo A2. Because of the high variability of the
water vapor amount (e.g., a factor of 10), one should expect
significant variations in the hydroxyl radical concentrations.
This uncertainty introduces probably the largest error in the
present calculation, and the profiles displayed in Figure 2
should thus be considered as a working model. On the other
hand, it must be noted that the water vapor mixing ratios
assumed above are presumably on the low side. This is shown
by Grossmann et al. [1985], who obtained considerably higher
values from two far infrared measurements at this time of the
year. (One of these measurements was taken during the
Energy Budget Campaign) The OH values adopted here
should therefore be on the low side, and the derived profiles of
transport coefficients may be considered as upper limits.

As it is assumed that the oxygen distributions are typical of
quiet and active dynamical states of the atmosphere, the one-
dimensional steady state continuity equation for odd oxygen
O, (essentially atomic oxygen at these heights) can be used to
infer the transport parameters in the lower thermosphere. If
®(0,) is the vertical flux of O,, this equation is

_dq);—zo 2 | 24, [MILOT? + 24,[O][0,] + k,[O;1[H]

+ ks[OJ[OH] + k([OI[HO,] = 2Jo,[0,]  (14)

or, neglecting (4) and making use of the balance equation for
OH,

do (O

d%x) + 2k,[M][O]* + 2k;[OH][O] = 2J,,{0,] (15)

As the mass of atomic oxygen is significantly smaller than

the average molecular mass of air in the lower thermosphere,
the transport of O, needs to be represented in terms of both
eddy diffusion and molecular diffusion. The mean vertical flux
ol O, in the range 80-100 km can thus be expressed as

gy (191} _p f01, [01  [o1 T
®0,) = —K[M] 0z([M]) D{ 0z + H, + T 62}
(16)

where D = 1 x 10'7T%7%/[M] cm? s~ ! [Banks and Kockarts,
1973] is the molecular diffusion coefficient for atomic oxygen
in air, T is the temperature, and H, is the scale height of
atomic oxygen. The flux due to molecular diffusion is species-
dependent (through the value of D and H,), while the eddy
diffusion flux is generally assumed to be species-independent.
It has been shown, however [Strobel, 1981; Schoeberl et al.,
1983; Garcia and Solomon, 1985; Strobel et al., 1985], that as
species may be transported by chemical eddies related, for
example, to gravity wave breaking, the strength of their verti-
cal eddy diffusion coefficient depends on their chemical life-
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Fig. 3. Heating rate (in kelvins per day) resulting from the recom-
bination of atomic oxygen during () salvo C and (b) salvo A2 of the
Energy Budget Campaign.

time. The value of the K coelficient derived from the vertical
distribution of a given chemical constituent (for example,
atomic oxygen) is thus not strictly applicable to other constit-
uents. This point was also made for long-lived species in the
stratosphere (J. R. Holton, private communication, 1985),
where transport is related to planetary wave activity. In essen-
tially all one-dimensional model calculations, however, identi-
cal eddy diffusion coefficients are used for all species. The
derivation through (15) and (16) of an exchange coeflicient K
is thus useful for practical model studies, as this coefficient
accounts for all vertical exchange processes involved in the
transport of odd oxygen (beside molecular diffusion), including
gravity wave breaking.

4. CALCULATED HEATING RATES AND
EpDY DIFFUSION COEFFICIENTS

4.1. Heating Rates

The vertical distribution of the 24-hour averaged heating
rate due to the energy release by the several chemical reac-
tions is displayed in Figure 3a and 3b for the two measure-
ment days. It can be seen that in both cases the recombination
of atomic oxygen by (2) is the largest heat source, leading for
example to a heating rate of close to 20 K/day at 95 km in the
case of salvo C. Reaction (3) plays a role which becomes com-
parable to that of reaction (2) only below 87-90 km. The

contribution of (4) is negligible. Near the mesopause the reac-
tions involving hydrogen radicals play a significant role in the
thermal budget. The resulting heating rate in the two cases is
different by more than a factor of 2. Its implication for the
heat budget in the lower thermosphere will be discussed in
section 5.

4.2. Eddy Diffusion Coefficients

Direct and indirect estimates of turbulence parameters in
the 80- to 120-km range have been discussed recently by Danil-
ov [1984]. In this study the vertical transport is calculated by
integrating downward equation (15), starting at 120 km, where
a boundary condition is specified. If one assumes that at this
level, the entire vertical flux ® can be expressed in terms of
pure molecular diffusion, one obtains at 120 km, with the
temperature and atomic oxygen concentration as given in
Table 1, &= —1.7x 102 cm~2 s~ ! for salvo C and
—0.84 x 10'2 cm~2 57! for salvo A2. The vertical downward
flux obtained by integration of (15) is shown between 85- and
100-km altitude in Figure 4. It can be seen that the conditions
associated with the two rocket flights were significantly differ-
ent. The flux from the thermosphere appears to be quite larger
in the case of salvo C, but it decreases more rapidly with
decreasing altitude than does that of salvo A2 owing to a
smaller vertical exchange rate and a larger recombination.

Figure 5 shows the vertical distribution of the K coefficient
obtained by inverting (16), after removing the contribution of
molecular diffusion to the downward flux. The uncertainty
represented in the figure by shaded regions corresponds to a
variation of 10% in the specified atomic oxygen flux at 120
km. Moreover, the calculated upper limit is obtained by re-
ducing the OH concentration by a factor of 3 in order to
account for a possible overestimation in the water vapor con-
tent. This reduction is probably larger than the real uncer-
tainty, so that the calculated upper limit corresponds to a
maximum maximorum of the eddy diffusion coeflicient near
the mesopause.

For both salvoes the magnitude of the eddy diffusion coef-
ficient is estimated to be of the order of 100 to 200 m? s~ ! at
100-km altitude. Below this level the K coefficient decreases
with a gradient which is considerably weaker for salvo A2
than for salvo C. At 90 km, for example, the value of K is
reduced to about 15 m? s~ in the first case but is still close to
90 m? s~ ! in the second case.
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Fig. 4 Downward flux of atomic oxygen calculated by inte-
grating the continuity equation of odd oxygen and using the atomic
oxygen data obtained during salvoes C and A2.
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Fig. 5. Vertical distribution of the eddy diffusion coefficient in-
ferred from the profile of the atomic oxygen concentration as shown
in Figure 1. The uncertainty represented by shaded areas corresponds
to a variation of 10% in the atomic oxygen flux specified at 120 km as
the boundary condition and to the effect of a reduction by a factor of
3 of the OH concentration.

5. DISCUSSION

The eddy diffusion coefficients obtained from these purely
chemical considerations based on the behavior of atomic
oxygen are shown in Figure 6 together with the profiles
derived at lower altitude during the same campaign by Thrane
et al. [1985]. The latter values were obtained using elec-
trostatic ion probes mounted on the front part of several
rocket payloads. Although the two studies use completely dif-
ferent physical concepts to define the eddy diffusion coel-
ficient, they seem to come in agreement near the mesopause
level, especially if one considers the two curves obtained from
the same salvo (C). At this level the K coeflicient is
characterized by a minimum of the order of 10 m2 s~*. The
existence of this minimum, which is consistent with the theory
of gravity wave breaking by Lindzen [1981], was already men-
tioned by Thrane et al. [1985] and was also found more re-
cently by Blix et al. [1985] during the Middle Atmosphere
Program (MAP)/Winter in Northern Europe (WINE) Cam-
paign. Indeed, the data obtained during this campaign by elec-
trostatic ion-probes on seven rockets launched from Andeya,
Norway (winter 1983-1984), show in certain cases very rapid
increases in the eddy coeflicient values just above the meso-
pause, in good agreement with our profiles derived from the
atomic oxygen measurements. In all cases the K value be-
tween 80 and 90 km is significantly smaller than the value
adopted in most one-dimensional models and is indeed a
factor of 10 lower than the value suggested in the U.S. Stan-
dard Atmosphere (1976) or derived, as an upper limit, by John-
son and Wilkins [1965a, b] to account for the vertical heat
transport between 50 and 110 km. The K profile obtained for
the most representative case (salvo C) is, however, in good
agreement with the low values derived between 95 and 100 km
in winter by Alcayde et al. [1979] from temperature measure-
ments inlerred in the lower thermosphere [rom incoherent
scatter data. Figure 7 shows two profiles of the eddy diffusion
profile obtained during the MAP/WINE campaign together
with our values and with the profile derived by Allen et al.
[19817.

In order to estimate the effect of this small eddy diflusion
coefficient on some trace species that are sensitive to transport
processes, such as nitric oxide, the vertical distribution of the
NO concentration has been calculated by means of a one-
dimensional model [ Brasseur et al., 1982] using the two differ-

ent profiles of K shown in Figure 8a. The high value (K ~ 200
m? s~ ! between 80 and 100 km) leads to a strong downward
flux of NO and a concentration that is never significantly
lower than 10”7 cm™3 if the upper boundary condition at 100
km is chosen to be 10® cm™3 (see Figure 8b). The K profile
labeled “low,” which is characterized by a deep minimum at
85 km in accord with our analysis based on atomic oxygen
data (essentially salvo C), leads to significantly lower nitric
oxide concentrations, in much better agreement with observa-
tions (see, for example, Tohmatsu and Iwagami [1976] and
Baker et al. [1977]). The altitude of the concentration mini-
mum is also 5 km higher than that in the previous case. It
should be noted that as the value of the K coefficient is depen-
dent on the lifetime of the species which is transported, the
eddy diffusion coeflicient required to explain the vertical pro-
file of NO might be significantly different from the profile
derived [rom atomic oxygen observations. Strobel et al. [1985]
have noted that K(NO) should be smaller than K(O) in the
mesosphere but larger than K(O) above 90-km altitude.

The heating rates obtained from the atomic oxygen recom-
bination are significantly different on the two occasions con-
sidered. However, they have in common that they are large in
comparison with other energetic processes involved in the
heat budget of the lower thermosphere. Competing processes
such as particle precipitation, infrared emission, and wave dis-
sipation were also measured during the Energy Budget Cam-
paign and analyzed at 90-km altitude by Offermann [1985].
There appears to be a considerable problem of energy balance
which becomes particularly serious il one uses the eddy diffu-
sion coefficients derived in the previous section to calculate
the energy transport. Indeed, the minima in the eddy profiles
around the mesopause, shown in Figures 5 to 7, are deep
enough to prevent virtually all the energy from being trans-
ported to lower altitudes. The steep gradients in the K profile
above the mesopause imply a turbulent heating at this level
rather than a cooling as is usually assumed. In other words,
the effect of gravity wave breaking obviously does not help in
bringing the atmosphere closer to energy balance. The long-
standing problem of energy imbalance at the mesopause is
thus obviously revived under high-latitude winter conditions.
It should be noted that the problem becomes even worse if
adiabatic heating by subsidence is included.
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Fig. 6. Eddy diffusion coeflicients derived from the atomic oxygen
densities measured during salvoes C and A2 (higher altitudes) and
from ion fluctuations observed during salvoes C and A1l of the same
campaign (lower altitudes). The profile of the eddy diffusion coef-
ficient recommended in the U.S. Standard Atmosphere (1976) is also
indicated.
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indicated.

6. CONCLUSIONS

Measurements of the atomic oxygen concentration in the
lower thermosphere reported during the Energy Budget Cam-
paign have been used to derive thermodynamic and dynamic
parameters in the altitude range of about 85 to 100 km. The
two profiles measured during salvo C and salvo A2 are be-
lieved to be representative of normal and dynamically dis-
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Fig. 8. Vertical profiles of the eddy diffusion coefficients (Figure
8a) adopted to calculate the two vertical distributions of the nitric
oxide concentration (Figure 8b). The curves labeled “low” correspond
to an eddy diffusion profile similar to the values corresponding to
salvo C, while the curves labeled “high” refer to values of the eddy
diffusion coefficient as used in some current one-dimensional models
(200 m? s~ ! in the lower thermosphere).

turbed conditions, respectively. Both calculated heating rates
and eddy diffusion coefficients are significantly different in the
two cases. For example, a large (factor of 5) difference in the
contribution to the heating rate of the O + O + M reaction is
observed. In both cases, however, the odd hydrogen chemistry
contributes significantly to the heating rate in a narrow alti-
tude range just above the mesopause.

Considerable differences are also observed in the strength of
the net vertical transport. However, these differences are not
large enough to fill the minimum derived for the eddy diffu-
sion coefficient near 85 km. This minimum is also present in
the K profiles derived by Thrane et al. [1985] and Blix et al.
[1985], even during very turbulent periods. The thermosphere
is thus only weakly dynamically coupled with the lower atmo-
spheric layers, although in certain conditions and at selected
locations, a downward transport of species such as nitric oxide
or carbon monoxide should be possible and in the case of NO
is even observed [Russell et al., 1984], in good agreement with
theoretical analysis [ Frederick and Orsini, 1982; Solomon et al.,
1982; Brasseur, 1982]. Absolute magnitudes of heating rates
indicate strong energy budget imbalances on both occasions
analyzed. It appears that a strong cooling mechanism is re-
quired that has yet to be determined. Further analyses of the
physical mechanisms responsible for heat and mass exchanges
in the lower thermosphere are required as concerns seasonal
and latitudinal variations as well as occurrence frequency.
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