Annales de Géophysique

tome 35, numéro 2

avril-mai-juin 1979

Ann. Géophys., t. 35, fasc. 2, 1979, p. 41-51

Temperature, molecular nitrogen concentration and turbulence
in the lower thermosphere inferred from incoherent scatter data

D. ALCAYDE and J. FONTANARI,

Centre d’Etude Spatiale des Rayonnements
Boite Postale 4346 F — 31029 Toulouse Cedex, France.

by

G. KOCKARTS,

Institut d’Aéronomie Spatiale 3,
Avenue Circulaire B — 1180 Bruxelles, Belgique.

P. BAUER and R. BERNARD

Centre de Recherche en Physique de U'Environnement terrestre et planétaire
38-40, rue du Général Leclerc F — 92131 Issy-les-Moulineaux, France.

ABSTRACT. —~ Incoherent scatrer data gathered over almost one solar cycle (1967-1975) in the height range 95-150 km at 45° North,
provide an opportunity to study and to modelize long term variations of the daytime neutral temperature and the N, concen-
tration. The main features identified in this study are the absence of solar cycle effects in the temperature varigtions around
100 km, a minimum in the daily mean temperature profile around 100 km moving upwards from summer to winter with conse-
quently a reversal in the seasonal trend above and below 100 km, an increase in the daily mean N, density around 100 km
for solar maximum conditions, and q gradual change from a pure semi-annual variation at 95 km to a dominant seasonal va-
riation above 100 km in the daily averaged N, concentration. The temperature data are used to compute the vertical eddy
diffusion coefficient between 95 and 120 km for equinox and solstice conditions. Large seasonal variations are apparent in

the daily averaged eddy diffusion coefficients.

RESUME, — Les données de diffusion incohérente obtenues entre 95 et 150 km a 45° Nord sur une période de Pordre d'un cycle
d’activité solaire (1967-1975) offrent une possibilité d’étudier et de modéliser les variations 8 long terme de la température
diurne moyenne et de la concentration en azote moléculaire. Cette étude met en édvidence Uabsence d’effet du cycle solaire
sur la température aux environs de 100 km. De plus le profil vertical de la moyenne diurne de la température passe par un mi-
nimum aux environs de 100 km, Ce minimum se déplace vers le haut entre 'été et Uhiver, ce qui entraine un renversement de
la variation saisonniére au-dessus et au-dessous de 100 km. On observe également un accroissement de lag moyenne diurne de
la concentration en N, lors du maximum d'activité solaire, Cette moyenne diurne est caractérisée par une varigtion semi-
annuelle @ 95 km qui devient une variation annuelle au-dessus de 100 km. Finalement, les données de température sont uti-
lisées pour calculer une distribution verticale du coefficient de diffusion turbulente entre 95 et 120 km pour des conditions
d’équinoxe et de solstice. De grandes variations saisonniéres apparaissent dans lg moyenne diurne des coefficients de diffusion

turbulente.
1. Introduction

The identification of the main physical processes
acting in the thermosphere is of prime interest for the
understanding of the thermodynamical coupling
between the upper and lower parts of the atmosphere
and of the global distribution of the atmospheric
constituents.

The lower thermosphere is actually a transition
region where wave and tidal energies originating from
the lower atmosphere are converted into heat through
various dissipation processes (viscosity, ion drag...)
and where turbulent mixing ceases to allow diffusive
separation of the atmospheric species.

As yet, the observations performed in this region
are still scarce, since it les out of reach of in situ
satellite measurements and since rocket experiments
are widely scattered in space and time.

The incoherent scatter technique is certainly the
one single technique which has allowed a continuous
monitoring of this part of the atmosphere. Short term
variations such as tides or gravity waves have been
extensively studied (e.g. Wand, 1969; Bernard and
Spizzichino, 1971; Salah and Wand, 1974; Fontanari
and Alcaydé, 1974; Mathews, 1976; Harper, 1977,
Vidal Madjar, 1978). The mean state of the lower
thermosphere and its long term variations, on another
hand, require a thorough investigation after the initial
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studies performed by Waldteufel (1970), and by
Alcaydé, Bauer and Fontanari (1974).

The purpose of this paper is to present and model
an extensive series (1967-1975) of N, density and
temperature measurements gathered respectively over
the altitude ranges 95-110 km and 95-150 km above
the French incoherent scatter station of Saint-Santin
(45°N). The interpretation of these data leads to a
determination of the eddy diffusion coefficient versus
altitude and season.

2. Data characteristics

The incoherent scatter technique provides a de-
termination of various plasma parameters (concen-
tration, electron and ion temperatures, ion velocity)
and for low altitudes (95-110 km) a determination
of the ion neutral collision frequency (Dougherty
and Farley, 1963: Waldteufel, 1969; Tepley and
Mathews, 1978).

Since thermal equilibrium between the ions and
the neutrals prevails in the lower thermosphere, the
thermal structure can be established from the ion tem-
perature (7;) measurements. Daily mean temperatures
have been plotted on Figure 1 versus time over the
period 1967-1975 for altitude varying between 95
and 150 km. Each point is a weighted average corres-
ponding to one day of experiment. The weight of
each indvidual data point is determined by its statis-
tical error. The measurements can only be made dur-
ing daytime when the £ region of the ionosphere is
well developed and, therefore, the averages must be
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Fig. 1

Long term observations of temperature above Saint-Santin
between 95 and 150 km. Each data point corresponds
to a statistical diurnal average of the observations. The
solid lines represent the fit of data with solar flux depen-
dence and seasonal variation. Note that the scale is pro-
gressively shifted up to 150 km.
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understood as daytime averages. However, previous
studies (e.g. Bernard, 1974; Salah, 1974) have shown
that semi-diumal variations dominate in the lower
thermosphere, so that in a first approximation the
daytime averages can be equated to diurnal averages.
The error bars plotted in Figure 1 are statistical
errors determined from the statistical errors affecting
each individual measurement.

Also plotted in Figure 1 is the resulting model which
includes seasonal, semi-annual and solar cycle effects.
It will be described in the following section.

The well known seasonal variation (summer ma-
ximum) is clearly visible down to 105 km, The 100 km
altitude is almost an isothermal level at about 200 K.
A trend for a reversal of the seasonal effect (winter
maximum) is visible at 95 km. It should also be noted
that in the 95 to 105 km region the temperature is
almost constant on the mean and that large tempe-
rature gradients develop upwards.

Similarly Figure 2 shows daily mean molecular
nitrogen concentrations plotted versus time between
1967 and 1975 for altitudes varying between 95 and
110 km. They have been derived from ion neutral
collision frequency measurements (Waldteufel, 1969).

One noticeable feature is the abrupt change in the
accuracy of the data in early 1969. This is due to a
change in the sensitivity of the incoherent scatter
equipment of Saint-Santin. Collisional effects on the
incoherent spectrum become progressively negligible
around 110 km and upwards. Therefore, caution must
be exerted before interpreting the trends observed
at this height.

As for the temperature, the molecular nitrogen
concentration have been modelled through a least
square fitting of the data. The results of the modell-
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Fig. 2
Same as Figure 1 for molecular nitrogen concentration.
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ing is shown in Figure 2 and will be discussed in
section 3.

Note that previous studies (Waldteufel, 1970;
Alcaydé et al, 1974) find a confirmation in this larger
data basis. Namely the density variations exhibit
a summer minimum at 100 km. The similar minimum
is present at all heights. In addition to that, semi-annual
variations dominate at 95 km and leave the way to
annual variations at greater heights.

3. Temperature and molecular nitrogen modelling

3.1. Fourier analysis

A Fourier analysis has been performed on the whole
set of the diurnally averaged temperature and N,
data. At each altitude the temperature and N, data
are weighted by the inverse of the square of their
error bar, and are respectively fitted with the relations

2
T=Ty+aF,5,+ }; %Ai{cos[365 d— ¢):H
i=1
(D
log n{Ny) = 4, +“Flo'/ +
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where Fo, is the solar decimetric flux expressed in
10-22W m—2 Hz~! and averaged over three solar
rotations centered on the day d of observation, T
is the mean temperature, 4, is the mean value of
the decimal logarithm of the molecular nitrogen con-
centration n(Np) in cm™3, @ is the solar flux de-
pendence, A; and ¢; are respectively the amplitude
and the day of maximum of the annual (f = 1) or
semi-annual (i = 2) variation. A statistical error is
computed for each parameter 4; and ¢;, taking into
account the experimental errors and the goodness
of the fit. Such a procedure gives the information
about the actual influence of each parameter on the
quality of the fit. The standard deviations between
the fits and the data are of the same ordre of ma-
gnitude as the mean experimental error (15K for
the temperatures for example). The global fit is shown
as a continuous lines in Figures 1 and 2 for the tem-
perature and the N, concentration. The solar flux
dependence is clearly evidenced for the tempera-
ture at 150 km where the mean decrease of the solar
decimetric flux from 150 to 70 between 1967 and
1975 leads to a corresponding decrease of 40K.
For the molecular nitrogen concentration a positive
solar flux effect is noticeable between 95 and 105 km,
but not at 110 km. The solar flux dependence o
the temperature and the N, concentrations will be
further specified when the whole result of the fit
is discussed.
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Fig. 3
The whole set of temperature data is gathered on one year.
The solid lines correspond to a fit with a constant solar

decimetric  flux  of 125 x 10-22Wm~2 Hz~1. Scale
shifted as in Figure 1.

On Figure 3 temperature data are plotted for each
altitude versus the day number in the year, the whole
set of temperatures being gathered on a single year.
The continuous line represents the fit according to
relation (1) with a constant solar decimetric flux of
125 and using the coefficients listed in Table 1. The
95 and 100 km levels show a nearly constant mean
diurnal temperature without any significant seasonal
variation and with a noteworthy weak scatter of the
points. The seasonal variation appears at 105 km and
then increases with altitude, showing a rather large
amplitude at 110 km.

Figure 4 displays the seasonal variations of the
molecular nitrogen, using equation (2) and the coeffi-
cients given in Table 2. At 95 km, the variation is
essentially semi-annual, with maxima around the equi-
noxes. At higher levels, an annual variation is super-
imposed on the semi-annual one, leading to minimum
concentrations at the summer solstice, and a broad
maximum between the autumn and spring equinoxes.

Bigures 5a, 5b, 6a and 6b display the altitude
variation of the coefficients in equation (1) and (2)
resulting from the Fourier analysis of temperature
and N, concentration data. Figure 5a shows the am-
plitudes and days of maximum (so called phase) of
the annual and semi-annual variations of tempera-
ture from 95 up to 150 km altitude. As previously
noted on Figure 1 and 3, the amplitude of the annual

43



D. ALCAYDE et al.

Table 1

Coefficients of equation (1) issued from the Fourier analysis on mean diurnal temperature
data in the 95-150 km range, over the years 1967 to 1975.

ANNALES DE GEOPHYSIQUE

Annual variation Semi-annual variation

Altitude Mean value Flux dependence Amplitude Phase Amplitude Phase
VA Ty a Ay N A, ®,

(km) ) K (Wm~2 Hz~1)! (K) (days) (K) (days)
95 190.1 249 x 10-2 576 - 9 5.50 204
100 184.5 645x1072 1.86 36 523 155
105 211.8 1.58 x 10~* 12.4 173 10.52 150
110 249.8 ~149 x1073 256 166 9.12 144
120 407.8 ~129 x 1071 15.5 172 398 175
135 553.2 9.00 x 1072 21.3 159 497 176
150 626.3 506 x 1071 323 175 5.87 247

»
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component is very weak at the lower levels, and
increases with increasing altitude, up to 30K at
150 km. At 110 km, this annual amplitude reaches
26 K, which is larger than the values at the surround-
ing altitudes. This particular trend was noticed by
Waldteufel (1970), on a limited set of data. Except
for the 95 and 100 km levels, where its amplitude
is very weak, the annual variation leads to a maximum
near the summer solstice, throughout the 105 to 150 km
altitude range. The amplitude of the semi-annual va-
riation remains weak and nearly constant (5K) for
all the levels, with a slight increase at 105 km (10K
of amplitude). From 95 up to 135 km, the semi-annual
component maximises near the solstice, but the larger
annual amplitude leads to a maximum of temperature
at the summer solstice.

Fig. 4
Same as Figure 3 for molecular nitrogen concentration,

Table 2
Coefficients of equation (2) issued from the Fourier analysis on decimal logarithm of mean

diurnal N, concentration data, in the 95-110 km range, over the years 1967-1975.

Altitude

Mean value

Flux dependence

Annual variation Semi-annual varjation

Phase Phase

Amplitude

Amplitude

z
(km)

Ao

a
(Wm~2 Hz~1)~1

A,

$;
(days)

A,

¢
(days)

95
160
105
110

13.18
12.88
12.48
12.32

6.20 x 10™%
3.10x 1074
6.76 x 107*
~0.18x10™4

1.1 x1072
59 x 1072
46 x 1072
34 x1072

242
353
356
326

4.7 x 1072
14 x1072
2.7 x1072
94 x1073

97
102
78
65
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Altitude dependence of the annual and semi-annual amplitude
and phase of the temperature according to equation (1).
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Altitude dependence of the solar flux coefficient for the
temperature given by equation {1).

The dependence of temperature versus solar deci
metric flux is shown on Figure 5b. From 95 up to
135 km, the temperature is weakly altered by solar
flux changes. The negative value at 120 km is weak
but implies a 13 K decrease in temperature for a 100
units (10—22W m~2 Hz!) increase of the solar deci-
metric flux. At 150 km altitude, the dependence
becomes positive and larger.
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The results of the Fourier analysis applied to the
decimal logarithm of N, concentrations in the 95-
110 km altitude range are displayed onf Figures 6a
and 6b. Figure 6a shows the characteristics of the
annual and semi-annual variations. At 95 km the
amplitude of the annual component is very weak.
It becomes larger at the upper levels, decreasing slowly
from 100 km up to 110 km, while the day of maxi
mum occurs approximatively at the winter solstice.
The semi-annual variation, whose maxima occur appro-
ximately at equinoxes, is important at 95 km and
negligible at 110 km, its amplitude decreasing with
increasing height. The solar flux dependence, shown
on Figure 6b is roughly constant between 95 and
105 km and then decreases to zero at 110 km. At
95 km, a change of 100 units (1072*W m—2 Hz~1)
in the Fj;- index induces a 15 % variation of the
mean value (148 x 1013 cm~3) of N, issued from
the analysis. Such a variation may be compared with
the amplitude of the seasonal effect which is of the
same order of magnitude.

These results, established over approximatively
one solar cycle data basis, allow us to confirm and
to precise the indicative trends of the seasonal varia-
tions in the E-region previously inferred by Waldteufel
{1970), Waldteufel and Cogger (1971), Alcaydé et al
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Same as Figure Sa for molecular nitrogen given by equation (2).
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(1974) and Salah, Evans and Wand (1974) who studied
Saint-Santin, Arecibo and Millstone Hill incoherent
scatter data for maximum activity conditions.

3.2. Vertical temperature profiles {95-120 km)

The vertical temperature profiles in the 95-120 km
altitude range (i.e. around and just above the meso-
pause) are very important as they result from the
combined effects of solar heating and of the turbulent
and molecular heat transfer. It is thus useful to cha-
racterize the seasonal behaviour by an analytical model
of the vertical temperature profiles at equinoxes and
solstices. In this respect, a fit of the temperature values
for the chosen days, as issued from the long term
modelling, was attempted.

The vertical distribution of the temperature between
95 and 120 km can be represented with a good accuracy
by a quadratic variation, with a fourth-degree poly-
nomial form:

T(2) = A, [1 + A3(z — 4,)* + A, (z - 4,)°]

3
The resulting coefficients of equation (3) are listed
in Table 3 for each of the 4 days studied. On Figure 7,
the resulting fit is shown (continuous line) throughout
the five points of each profile. The quality of the fit
is very good, with a standard deviation of 7K, to
be compared with the mean error of 14 K of the indi-
vidual temperatures. It can be observed that the me-
sopause, which will be defined here as the level where
the minimum of temperature occurs, is higher (100 km)
and broader in winter than in summer (less than 95 km),
with an intermediate value at the equinoxes (97 km).
Furthermore, the temperature minimum is larger for
winter solstice (198 K) than for the others days (184
to 188 K). The altitude and amplitude of the tem-
perature minima so observed, combined with weakly
variable temperature at 120 km, lead to vertical tempe-
rature gradients near 120 km which are maximum in
winter (27 K/km) and minimum in summer (14 K /km).

On Figure 7 the dashed lines represent the pro-
files provided by the empirical model of Jacchia

ANNALES DE GEOPHYSIQUE
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The seasonal fit of observed temperatures leads to characte-
ristic values which are shown for Fig 4 = 125 as a func-
tion of altitude. The error bars are computed from the
uncertainties on the coefficients of equation {1). The
full lines give the best fit of these points with equation
(3). Jacchias (1977) model is shown by the dashed lines.

(1977), for the same conditions of geomagnetic
(K, = 2) and solar (Fy9.7 = 125 x 10722W m~2 Hz~!)
activities. The agreement is rather good in the 95-
110 km altitude range, except for the summer solstice.
Substantial deviations appear nevertheless in the shape
of the vertical temperature distribution, leading to
systematically underestimated temperature and ver
tical gradient at 120 km, and seasonal variations
throughout the 95-120 km range.

The vertical temperature profiles according to
equation 3 and Table 3, are then used to integrate
the equation of mixing equilibrium, assuming a linearly

Table 3

Coefficients of equation (3) obtained by fitting the long-term modelized temperature
at the 95-100-105-110-120 km levels at the equinox and solstice times.

Day A, A3 Ag A,
(K) (km=2) (km—4) (km)
Spring equinox 188.0 241 x10-3 -101 x 107 98.8
Summer solstice 184.1 229x1073 ~6.15x1077 94 4
Autumn equinox 185.8 197 x1073 593 x 1077 980
Winter solstice 1983 0.75x1073 2.63x107° 984
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varying mean molecular mass from 287 am.u. at
95 km to 27.3 am.u. at 110 km, in order to get the
vertical decrease of the N, concentrations from the
modelized value at 95 km up to 110 km. The vertical
distributions of N, for the solstices and equinoxes
are shown on Figure 8 (continuous line) compared
to the values provided at each height by the long-term
modelling (equation 2, Table 2). The agreement is rather
good, except at the 110 km level where the exper-
mental values are larger than the calculated ones.
Alcaydé, Bauer, Hedin and Salah (1978) pointed
out the good agreement between Jacchia {(1971) model
and the incoherent scatter , determination at Saint-
Santin. Figure 8 shows that the agreement is still rather
good with the Jacchia (1977) model (dashed line)
as well for the vertical profiles as for the mean con-
centrations.
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The seasonal fit of observed molecular nitrogen concentra-
tions leads to characteristic values which are shown for
Fign = 125 as a function of altitude. The error bars
are computed from the uncertainties on the coefficients
of equation (2). The full lines correspond to mixing dis

tributions with the temperature profiles of Figure 7
and the dashed lines represent Jacchia’s (1977) values.

"

ALTITUDE (KM
ALTITUDE  (KM:

Reasons for overestimating the molecular nitrogen
concentrations at 110 km have been sought in two
directions. Firstly one must note that the step from
the measured jon neutral collision frequency to the
molecular nitrogen concentration implies a knowledge
of the relative abundance of the remaining atmospheric
constituents. In the data reduction it has been assumed
that molecular oxygen was the only other constituent
of practical abundance with a mixing ratio of 20 %.
Above 95 km atomic oxygen, however, becomes pro-
gressively an important atmospheric constituent which
could in principle affect the data reduction procedure.
Withan atomic oxygen concentration of 2 x 101! ¢cm—3
at 110 km (Philbrick, Faucher and Trzcinski, 1973)

INCOHERENT SCATTER DATA 7

the molecular nitrogen concentration at 110 km is only
reduced by 6 %. This effect, therefore, can only be
partly responsible for the overestimation of N,
at 110 km.

Another effect can result from the fact that the
observing volume extends over an altitude range of
approximately 4 km. Over this height range tempe-
ratures and densities can vary so that the average para-
meters obtained from the incoherent scatter spectra
are not necessarily equal to the mean values. This
effect was simulated theoretically and it appeared
that the collision frequency tends to be enhanced by
some 10 % above the mean value, while the tempe-
rature remains approximately equal to its mean value.

The combination of these two effects can only
explain an overestimation of the order of 15 % instead
of the 30 % shown in Figure 8. It appears, there-
fore, that caution must be exerted before using the
collision data at 110 km and above.

4. Application to eddy diffusion coefficients

The transition region between the homosphere
and the heterosphere is essentially dominated by
the competition between turbulence and molecular
diffusion. Although molecular diffusion coefficients
can be computed from gas kinetic theory combined
with laboratory data, the physical situation is less
clear for the eddy diffusion coefficients associated
with small-scale motions which prevent atmospheric
constituents from diffusive separation in the Earth’s
gravitational field.

Assuming that turbulence is associated with a
downward heat transport, Johnson and Wilkins (1965a,
1965b) deduced an upper limit on eddy diffusion in the
mesosphere and lower thermosphere. Such a turbulent
downward heat transporf is actually introduced to
eliminate the excess heat input which cannot be trans-
ported by molecular heat conduction or by infrared
emission. Averaging the heat excess over time and over
the Earth’s surface, Johnson and Gottlieb (1970)
computed a worldwide average eddy diffusion coeffi-
cient required to maintain continuity in the heat budget
between 60 and 120 km altitude. Hunten (1974) pointed
out that downward eddy conduction may be balanced
by phenomena such as gravity waves which can contri-
bute to heating by their dissipation. Johnson (1975)
questionned, however, Hunten’s argument in a detailed
discussion of the Richardson criterion for growth or
maintenance of turbulence and he concluded that tur-
bulence does not deposit more heat in the thermosphere
than it removes from it. This controversial problem
has been recently reanalyzed by Izakov (1978) for
several planets. Using estimates of the flux Richardson
number, Izakov (1978) concluded that turbulent cooling

47



8 D. ALCAYDE etal

of the thermosphere prevails on Venus and on the
Earth. On Jupiter, turbulence heats the thermosphere
while on Mars turbulent heating of the thermosphere
dominates for a quiet troposphere and turbulent cooling
prevails for a disturbed troposphere.

Observations of chemical releases (Blamont and
Barat, 1967 : Zimmerman and Trowbridge, 1973)
allow also a determination of eddy diffusion coeffi-
cients in the lower thermosphere. Using wind data
Zimmerman and Murphy (1977) have show that a large
seasonal variation occurs in the eddy diffusion coeffi-
cient for altitudes below 90 km and for high latitudes.
Teitelbaum and Blamont {1977) analyzed variations
of kinetic energy involved in wind regimes during
the night between 90 and 110 km and concluded that
the atmosphere at mid-latitutde remains turbulent
up to 105 km between dusk and 22.00 LT whereas the
turbopause height decreases to 95 km during the second
part of the night.

Using the diurnally averaged temperature distribu-
tions and the molecular nitrogen concentrations obtained
from incoherent scatter data, an analysis of the thermal
balance can lead to an estimate for diurnally averaged
eddy diffusion coefficients between 95 and 120 km
above Saint-Santin. The energy balance equation
averaged over a 24 hours period can be written as

oF
—=pP [ 4)
0z

where P and L are respectively the heating rate and
the cooling rate averaged over 24 hours. The downward
vertical heat flux £ is given by

aT aT
E=-\=-Kpec, (= +*)
oz PNz ¢,

(%)

where A is the molecular heat conduction coefficient
taken from Banks and Kockarts (1973), T is the
temperature at height z, p is the total atmospheric
density, ¢, is the atmospheric specific heat at cons-
tant pressure, g is the acceleration due to gravity
and K is the unknown eddy diffusion coefficient.
The first term in equation (5) is the downward heat
flux due to molecular heat conduction and the second
term represents the downward heat flux resulting
from turbulent heat conduction.

With help of equation (5), integration of (4) from
height z’ to infinity leads to
f' (P~ L)dz — x0T/oz
— Z

oT
Pe\Go i)
PN\3z Cp
where it has been assumed that 07/9z = O and p = 0
for z = o= [t should be noted that equation (6) reduces

(6
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to a very simple form when 87/0z = 0, ie. at the
mesopause o
j: (P—-LYdz
z

14

K )

Since f «,sz is the daily averaged heat input in a

vertical column above height z’ and since . Ldz
is the daily averaged loss by radiation in the same
column, the eddy diffusion coefficient, when 37/0z = 0,
can be considered as the ratio between the net energy
input in g vertical column and the absolute value pg
of the atmospheric pressure gradient at the bottom
of the column.

Application of expression (6) requires an atmo-
speric model, and the knowledge of heating and cool-
ing rates. Incoherent scatter data are used in the follow-
ing way. First the vertical temperature distribution
is given by equation (3) for solstice and equinox
conditions. The corresponding molecular nitrogen
concentration at 95 km is used to compute a mole-
cular nitrogen distribution between 95 and 120 km.
Atomic and molecular oxygen concentrations are
computed at each height by taking rations n(0)/n(N,)
and n(0,)/n(N,) identical to the ratios in the U.S.
Standard Atmosphere (1976). Such an approximate
procedure is adopted since O and O, are far from
being in diffusive or in mixing equilibrium between
95 and 120 km. The O, distribution is then used for
the computation of the solar heating rates in the
Herzberg continuum, in the Schumann-Runge bands
and in the Schumann-Runge continuum with help of
the parameterized expressions developed by Strobel
(1978). The almost negligible contribution due to
ozone is also taken from Strobel (1978). All these
instantaneous heating rates are integrated over a
24 hours period_and a subsequent vertical integra-

o Pdz. The effective integrated heat

input above 120 km for wavelengths shorter than
1250 A must be added to the integrated heat input
resulting from O, and O; between 95 and 120 km.
Amayene, Alcaydé and Kockarts (1975) have shown
that, for solar activity conditions corresponding to
a solar decimetric flux of 125 x 10~2W m~2 Hz~! ,
a solar extreme ultraviolet energy flux of 1.7 erg
em~2s~! js converted into heat above 120 km, In
the present computation, we adopt two extreme values
of 1 and 2 erg cm~2 s—1 for overhead sun conditjons.

tion leads to

Between 95 and 120 km, the major cooling rate
results from the 15wm infrared band of CO,. The
expression for the cooling rate is taken from Houghton
(1969} with a relaxation time of 3 x 1055 at 1 atmo-
sphere pressure in agreement with the low temperature
measurements of Simpson, Gait and Simmie (1977).
The vertical distribution of CO, simultaneously depend
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on the molecular diffusion coefficient taken from
Banks and Kockarts (1973) and on the unknown
eddy diffusion coefficient. Equation (6) is therefore
solved by an iterative process in which the CO, dis-
tribution is computed with the formalism given by
Kockarts (1973).

The eddy diffusion coefficients obtained in such
a way are shown on Figure 9 for spring, summer and
winter conditions above Saint-Santin. For each season,
the two curves respectively correspond to an overhead
solar heat input of 1 and 2 erg em~2 s~ above 120 km
altitude. Such an arbitrary variation indicates the
possible range for the diurnally averaged eddy diffu-
sion coefficient. Furthermore, a definite seasonal va-
riation is apparent on Figure 9. The winter lower
thermosphere is much less turbulent than the summer
one, since there is a smaller amount of heat to be trans-
ported downwards by turbulent conduction during
winter. The seasonal variation shown on Figure 9 contri-
butes significantly to the helium winter bulge observ-
ed at higher altitude (see Kockarts, 1972; 1973). It
is actually a complementary mechanism to the meri-
dional circulation mechanism initially introduced by
Johnson and Gottlieb (1970). A complete study of
seasonaklatitudinal variations in the upper thermo-
sphere should take into account simultaneously
seasonal-latitudinal variations of the eddy diffusion
coefficient in the lower thermosphere and meridional
circulation. More experimental data are, however,
needed to construct a global model for the eddy diffu-
sion coefficient in the lower thermosphere.

SAINT-SANTIN 45N
1200 Gl

"SPRING
18

ALTITUDE (km)

100

o A .
10 10
EDDY DIFFUSION COEFFICIENT {t:l'n2 s

Fig. 9
Vertical distribution of eddy diffusion coefficients for
winter spring and summer conditions. For each season
the low values correspond to an overhead heat input

of 1 erg cm—25—1 above 120 km and the high values
correspond to 2 erg em—2 s—1.

It is interesting to evaluate the importance of the
measured temperature distribution on the determi-
nation eddy diffusion coefficient. Figure 10 shows
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Comparison between eddy diffusion coefficients respectively
obtained with the incoherent scatter temperature profiles
(full curves) and the Jacchia’s (1977) temperature profiles
(dashed curves). The overhead heat input above 120 km
is 1.5 erg om—2 s—1,

a comparison of the eddy diffusion coefficient ob-
tained with the incoherent scatter temperature profiles
and the empirical profile of Jacchia {1977). The over-
head solar heat input above 120 kmis 1.5 erg cm—2 s,
ie. a value intermediate between the values used in
Figure 9. It appears that the Jacchia’s profiles and
the incoherent scatter profiles lead to similar eddy
diffusion coefficients except at 120 km for equinox
conditions. Expression (6) indicates that such diffe-
rences result essentially from the underestimation
of the temperature gradient at 120 km in the model
of Jacchia (1977). Such an example shows the need
for a good knowledge of the temperature gradient to
achieve an accurate determination of the eddy diffu-
sion coefficient. However, other factors such as the
production and loss terms are equally important al-
though they are not accessible through the incoherent
scatter technique.

5. Conclusions

Incoherent scatter observations of jon temperature
and ion-neutral collision frequencies allowed the
evaluation of the neutral temperature in the 95-105 km
altitude range and of the molecular nitrogen concen-
trations between 95 and 110 km. The data gathered
over Saint-Santin during the last solar cycle were ana-
lytically adjusted in order to get a long term modell-
ing of these parameters. This analysis shows that above
the 100 km level, where the mean diurnal temperature
is nearly constant, the seasonal effect increases with
altitude while the semi-annual effect is weak. For
molecular nitrogen concentrations the main component
is semi-annual at 95 km and annual at 100 km and
above. Special focus has been put on the F region
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where the characteristic temperatures issued from
the Fourier modelling are adjusted by a quadratic
dependence with altitude. Assuming that molecular
nitrogen is in mixing equilibrium, one has shown that
the vertical decrease of the concentrations according
to the observed temperatures is consistent with the
observed concentrations for each seasons, except at
110 km where various effects lead to an overestimation
of the &, concentration.

Using the incoherent scatter temperature modell-
ing and theoretical estimates for the heat production
and loss rates, it has been possible to evaluate ver
tical profiles of the eddy diffusion coefficient between
95 km and 120 km altitude. Diurnally averaged eddy
diffusion coefficients are obtained under the assumption
that a turbulent downward heat transport is required
to eliminate the excess heat input resulting from the
imbalance between heat production, downward mo-
lecular heat conduction and infrared loss. The results
show a large seasonal variation with small values during
winter and large values during summer. Furthermore,
it appears that the turbopause height is at lower alti-

tudes during winter than at the equinoxes and at the
summer solstice. It must be realized, however, that

large uncertainties can effect the results on Figures 9
and 10 since the production and loss terms depend
on numerous parameters. Nevertheless, the general
trend shown on Figures 9 and 10 significantly con-
tributes to the existence of the winter helium bulge
and the summer argon bulge observed in the thermo-
sphere.

The presente analysis is actually intended as a
contribution to the effort of a global modellization
of the lower thermosphere where more experimental
data are still needed.
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