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Abstract: This paper describes some computational results on the mesospheric
sodium layer using the newly measured chemical reaction rate coefficients. After
the most updated neutral chemistry, the calculated winter/summer ratio is con-
sistent with the observational results. The time constant of sodium atoms is found
to be shorter than 20 s (70-90 km). This short time constant invalidates a pre-
vious model of sodium gravity waves, which assumes that sodiums are chemically
conservative during their vertical moving induced by gravity waves. We proposed
a new mechanism here to explain the wavelike structures of the sodium layer drived
by gravity waves.

1. Introduction

Since SLIPHER (1929) observed an emission near 590 nm in the night sky, the
morphology of the mesospheric sodium layer have been studied with the measurements
of twilight airglow, day glow (ground based and baloon- and rocket-borne), absorption
of solar radiation, emissions of night glow, auroral and meteor trail, and resonant
scattering by lidar. The sodium layer shows a seasonal variation; its column abundance
is higher in winter and lower in summer, and the peak height is lower in winter and
higher in summer. The winter/summer ratio of the observed column abundance
increases with the latitude. For a detailed description on observational techniques
and results, the reader is referred to the reviews by HUNTEN (1967) and BROWN (1973).

Since CHAPMAN (1939) proposed a mechanism for the nighttime emission, several
authors have made efforts to understand the observed features of the sodium layer:
vertical distribution, and diurnal and seasonal behavior, etc. These modeling studies
had to proceed without experimental information about the reaction rates of relevant
sodium chemistry. The reaction rate coefficients of sodium compounds were calcu-
lated by analogy with atomic hydrogen reaction (BRowN, 1973). KoLB and ELGIN
(1976) estimated three unknown rate coefficients, (1), (2) and (8) in Table 1, by the
electron jump mechanism (or the hapoon mechanism). This mechanism was successful
in calculating the reaction rate coefficients of alkali-halogen molecules. BATEs and
Osna (1980), however, suggested that the electron jump mechanism may not be ap-
plicable to alkali-oxygen molecule reactions. On the other hand, HUSAIN and PLANE
(1982) measured the rate coefficients of termolecular reaction (3) of Table 1, which
was thousandfold faster than the previous value (CARABETTA and KASKAN, 1968).
This invalidates earlier modeling efforts. Several reaction rate coefficients have been
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measured in the recent few years. Almost all measured rate coefficients are faster
than the values previously speculated. The chemical time constant of the sodium is
shorter than that expected previously because of the change in the rate coefficients.
The purpose of this paper is to present numerical studies of sodium compounds at
70-100 km by using the rate constants which were newly measured and to discuss the
seasonal and diurnal variation of the sodium layer and the response to the atmospheric
gravity waves.

2. Reaction Rate Coefficients

The reactions and rate coefficients for sodum adopted in the present model are
listed in Table 1. We used the reactions of (1) to (12) in this table. Ion reactions
and rate coefficients are quoted from JEGou et al. (1985) for reference. All neutral
chemical reactions are the same as reactions of SWIDER (1985) which are the same as
reactions from (1) to (12) of SzE et al. (1982). The new rate coefficients are, however,
used in reactions of (1), (2), (3), (8) and (12). The rates (1), (3), (8) and (12) are based
on the recent measurements. As the rate coefficients of (4) has been measured by
RowLAND and MAKIDE (1982), five of neutral reactions in Table 1 are known. The
value of reaction (3) is taken from SILVER et al. (1985). The values of reaction (1) and
(8) are taken from AGER and HOWARD (1985). The lower limit of value of reaction
(12), 4 x 1072 cm?/s is determined by SILVER et al. (1984). The rate coefficients of (2)
are estimated as follows.

Table 1. Neutral reactions and rate coefficients adopted in this model, and ionic reaction and rate
coefficients for reference. See text. Read A (-n) as Ax10~™. Units are cm®[s, except
cm®/s for (3) and s~! for (4), (5) and (21). For (25) and (26), the reader is referred to
JEGOU et al. (1985).

No. Reactions Rates Reference
1. Na-+03;—»NaO+ 0, 6.7(-10) (a)
2. NaO+0O—->Na(?P, 2S)+ 0, 1(-10) (b)
3. Na-+0,+N;—»NaO,+N, 1.9(-30) (T/300)-!-! ©
4, NaOH +hy—Na-+OH 2(-3) (d)
5. NaO,+hy—->Na+0, 5(=3) (e)
6. NaO,+0->NaO+0, 1(-13) (e)
7. NaO-+H,0—-»NaOH-+OH 1(-10) (e)
8. NaO+0;—»NaO,+0, 1.1(-10) (a)
9. NaO-+H—-Na+OH 1(-14) (e)

10. NaO,+OH—NaOH+O, 1(-11) ()

11. NaO,+H—-»NaOH+O 1(~13) (e)

12. NaOH-+H-Na+H,0 4(-12) (2)

21. Na-+hy—Nat+e~ 1.7(=5) (h)

22. Na-+NO+*—-Na*-+NO 8(-10) (h)

23. Na+0O,*—Na*+0, 6(-10) (h)

24. Na*(H,0)+e~—-Na+H,0 3(-6) (h)

25. Na*+H,0-+X+X-Nat(H,0)+X+X (h)

26. Nat(H,0)+H,0+X+X—->Nat(H;0),+ X+ X (h)

(a) Acer and HowArD (1985), (b) see text, (c) SILVER ef al. (1985), (d) RowLAND and MAKIDE
(1982), (e) SzE et al. (1982), (f) Liu and REID (1979), (g) SILVER et al. (1984), (h) JEGOU et al. (1985).
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There is no measurement of the rate coefficient of the reaction (2), which is of a
great importance in the atmospheric sodium chemistry. SzE et al. (1982) calculated
crossing distance r,==2.3 A using the ionization potential of 7.8 ev (HILDENBRAND,
1972) according to the electron jump mechanism. At 7=200 K, using the kinetic
collision theory for this r,, Sze et al. (1982) calculated k=7.6 X 10~"* cm®/s. But it is
underestimated in our opininon. We calculated £=9.8 x 107" cm?®/s. BATES and
OsHA (1980) suggested that the electron jump mechanism may not be applicable to the
reactions of (2) and (1). Unless the mechanism is valid, the rate coefficient of reaction
(2) is an order of 107 cm?®/s. So SzE et al. (1982) assumed k=4.0x 10" cm?®/s in
their model. On the other hand, the rate coefficient obtained by a recent measurement
for reaction (1) was a little larger than that calculated by the electron jump mechanism.
Moreover, calculations in the rate coefficients of alkali-halogen molecules were develop-
ed by a refined electron jump model (GisLAsON, 1979). The electron jump model offers
a lower limit of the rate coefficients. Thus the electron jump mechanism can be likely
used for reaction (2), so that the rate must be slightly greater than 9.8 x 107! cm?/s.
Accordingly, we used the rate coefficient 1 x 10~ cm?/s.

Table 2. Reaction rate coefficients for four options of SZE et al. (1982).

Sodium model

Al A2 Bl B2
Js(s7Y) 107+ 10~* 10~¢ 5.0x1078
kg (cm®s™1) 10-1° 10— 10—10 10—
ks (cm3s™1) 0. 0. 10-10 10-10

SzE et al. (1982) calculated sodium constituents for four options on reaction
rates (Al, A2, Bl and B2), of which three (A2, Bl and B2) gave reasonable sodium
distributions. Table 2 shows the rate coefficients used in their model. KIRCHHOFF
(1983) suggested that only one (A2) of these choices is able to produce diurnal variations
that are in agreement with lidar measurements. In this paper, A2 and B2 of these
options are chosen. Model A and B in this paper correspond respectively to A2 and
B2 of Sz et al. Table 1 represents the rate coefficients of model B. On the other hand,
the coefficients of model A are 10~* /s for J;, and O for k,.

3. Model

The concentrations of sodium compounds were calculated at 2 km intervals in
one-dimensional model and normalized to the total sodium species profiles of Liu and
REID (1979). Calculations are based on a static solution of the relative sodium com-
pound distribution. Since the time constants of all the neutral sodium processes in
the mesosphere are much shorter than the eddy transport lifetime of about one day
(HuNTEN, 1975; SWIDER, 1985), the eddy transport is neglected in our calculations.
The concentrations of atmospheric constituents (O, O,, O,, H, OH, H,0) have been
taken from SHiMAZAKI (1984), which were calculated for 35° latitude in equinoxes.

Figures l1a and 1b show the profiles of sodium compounds for models A and B.
The neutral chemistry alone does not give any reasonable explanation for the cut off
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Fig. la. Height distributions of neutral sodium compounds computed for noon condition using the
rate coefficients of model A. See text.
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Fig. 1b. Height distributions of neutral sodium compounds computed for noon condition using
the rate coefficients of model B listed in Table 1.

in the top of the sodium layer. The scale height of the sodium layer is defined as the
height at which the sodium density falls to e~ of its peak value. The lidar observa-
tions showed that the topside scale height of the sodium layer, i.e. the scale height
above the peak, is far smaller than the atmospheric scale height. THOMAS et al. (1983)
suggested that the ionization and clustering processes would reduce the topside scale
height of the layer. We do not, however, take account of ion clustering reactions for
elucidating the sensitivity of neutral reactions to the atmospheric temperature and
density. Therefore, the topside scale height of the sodium layer in our calculations is
larger than the observed one.
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Fig. 2a. Sodium density for January and July at 60° and 30°N calculated with the rate coef-
ficients of model A. Numerals in the brackets stand for the calculated airglow intensities
(units are Rayleigh). See text.
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Fig. 2b. Sodium density for January and July at 60° and 30°N calculated with the rate coef-
ficients of model B listed in Table 1. See the caption of Fig. 2a.

The mesosphere is warm in winter and cold in summer. SWIDER (1985) suggested
that the reaction scheme including the atmospheric temperature and density dependence
of reaction (3) would be responsible for the seasonal variation of the sodium layer.
Figure 2a shows profiles of model A in January and July at 60° and 30°N. The sodium
density at 80 km increases in winter by a factor of 4 at 60°N, and by a factor of 2 at
30°N. These values are consistent with the observations (UcHIUMI et al., 1985a, b,
1986). On the other hand, Fig. 2b shows a profile for model B, which also offers an
explanation of seasonal variation of the sodium layer. For simplicity, it is assumed
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Fig. 3a. Height dependence of sodium atom density computed for noon and midnight using the
rate coefficients of model A. See test.

100 : - -

model B

&

HEIGHT (km )
®
o

70 . . . ,
100 10 102 103 10
CONCENTRATION (cm3)
Fig. 3b. Height dependence of sodium atom density computed for noon and midnight using the
rate coefficients of model B listed in Table 1.

that the atmospheric condition changes meridionally only in temperature, and O, and
N, concentrations.

The diurnal variations of the sodium layer are shown in Figs. 3a and 3b for models
A and B. The daytime/nighttime ratios are 3.4 at 84 km in model A and 4.3 at 84 km
in model B.

The photochemical time constants of the mesospheric sodium compound are
computed using both neutral and ionic reactions shown in Table 1. The time con-
stant of sodium atoms is less than 20 s at the height range of 70-90 km (Fig. 4). Thus
if sodium atoms are transported vertically due to gravity waves, the atoms will react
with ambient gases readily during the transport and the sodium/other sodium com-
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Fig. 4. Height profiles of photochemical time constants at noon for sodium compounds.

pounds ratio immediately reach a steady state which is determined by the chemical
reactions with ambient gases at each height. Thus the perturbation of the sodium
layer due to gravity waves will vanish under these circumstances.

The three body reaction (3) is predominant in the neutral chemistry of the sodium
layer. The [N,] and [O,] ([N,] denotes the density of N,) on the left-hand side of this
reaction display truly an effect from gravity waves, because the chemical time constants
of N, and O, are very large. Thus, if [N,] and [O,] become dense at a certain height,
then reaction (3) will proceed fast there. Inversely, if [N,] and [O,] become sparse
there, then the reaction will be slow. As far as one considers this reaction alone,
one can reach the next intuitive aspect. If the density of N, and O, oscillates owing
to gravity waves, then sodium atoms must also oscillate. It appears that the phase of
the sodium density variation would lag by about 180° compared with ambient atmo-
sphere. In fact, the calculation including other reactions reveals such a tendency as
given below.

The density of sodium is a function of the densities of ambient gases, N,, O,, O,

100
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Fig. 5. Density departures (%) from the =~ 80 4
sodium density of Fig. 1 condition. art
Wave structures show gravity wave < i
effects generated through direct
chemical reactions (broken line) .
and both direct and indirect reac- 70 : : —t

-20 0 " 20 40

tions (solid line). See text. PERCENT DEPARTURE
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0,, OH, H,0. Here, we assume the perturbations of [N,] and [O,] as follows.
[NZ]:[N2]0+O'1 [N2]o .Sin (wt+k2) ’
[02]2[02]c+01 [O‘Z]o ‘Sin (wt+k2) ’

where [N,], and [O,], are the averaged density, and we assumed that the perturbations
are 10% of them. Suppose that the perturbations of [N,] and [O,] affect the densities
of the other constituents by chemical reactions. At first, we consider the [Na] oscil-
lation due to gravity waves is induced only by two gases, [N,] and [O.]. In this case,
all we have to consider on the effect of gravity waves is only the reaction (3), in which
sodium atoms react directly with N, and O,. Figure 5 (broken line) shows the percent
departure of the sodium density due to gravity waves. Next, since O and O, react
with O,, the perturbation of [O,] affects chemically the [O] and [O,]. Thus, the [Na]
oscillation due to gravity waves is induced indirectly by [O,] via [O] and [O,]. Here
we take account of the indirect effect in the calculation by a pure oxygen model. Figure
5 (solid line) shows the percent departure of the sodium density caused by the effect via
O and O, in addition to the direct effect. Since H,O, H and OH react very slowly
with O,, we need not to take these gases into account. Figure 5 shows that the am-
plitude of gravity waves are about 20% of the average density at 80 km. It implies
that the gravity waves in the sodium layer are amplified by a factor of about 2 at 80 km
compared with those in the ambient atmosphere. The figure also shows that the
factor decreases gradually with altitude.

4. Discussion

Using the updated neutral chemistry, the calculated seasonal change of the sodium
concentration at 70-90 km is in agreement with the observed one. This is attributed
to the temperature dependence of termolecular reaction of (3), which is expressed by
k=k,T~™. For sodium, n=1.1 is confirmed by experiments (SILVER et al., 1985). On
the other hand, n=0.6 was measured for potassium (SILVER et al., 1985). Thus, it is
expected that the mesospheric potassium content would vary by a smaller factor in
comparison with sodium, provided that the mesospheric potassium has chemical re-
actions and rates similar to sodium ones. In fact, lidar observations show that the
potassium abundance does not almost vary throughout a year (MEGIE et al., 1978).
These tendencies give a support to SWIDER’s (1985) hypothesis.

On the other hand, the diurnal variation of the sodium layer is noticeable, as
shown in Fig. 3. The calculated profile is consistent with the observed one,
particularly below the peak of the layer. The calculated daytime/nighttime ratio in
model A is smaller than that in model B. The observed daytime/nighttime ratio is
1-+0.15 (CLEMESHA et al., 1982) and 1+0.3 (GRANIER and MEGIE, 1982). This will
imply that the chemical reactions and the rate coefficients do not suffice to explain the
diurnal variation of the sodium layer. The reasons why there is too much sodium at
daytime than at nighttime are pointed out below. The photodissociation reaction (4)
and (5) work only during daytime.

Each of the minor constituents (O, O,, H, OH), associated with reactions adopted
here, takes the different densities at daytime and nighttime. The daytime/nighttime
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Table 3. Daytime[nighttime ratios of the densities of the minor constituents
at 80 km. The data are taken from SHIMAZAKI (1984).

Constituents Ratio
(@) 4.29
0O, 0.380
H 1.12
OH 0.172
H,0O 1.00

ratios of these constituents at 80 km are shown in Table 3. The abundant ozone at
nighttime decrease sodium atoms by reaction (1). The abundant oxygen atom at
daytime increases sodium atoms by reaction (2). Likewise each of the constituents
varies so as to increase sodium atoms at daytime rather than at nighttime. J,=0
reduces the diurnal variation of the sodium. The photoionization process of sodium
atom,

Na-+hy —» Nat,

has the rate coefficient J=1.7 x 10~%/s, which is usually used (RICHTER and SECHRIST,
1979). We did not take it into account in this paper, but it will be too small to reduce
the daytime sodium. The photodissociation rate coefficient may be greater than 1.7 x
10=°/s. The dust hypothesis (Fiocco and VisconTr, 1973) is hopeless to improve this
situation which increases sodium at daytime because of evaporation of sodium atoms
from the sunlit dust. Further measurements of some unknown reaction rates should
be performed.

Wavelike structures in the sodium layer have been observed with typical wave-
length of 3-15 km and phase velocity 1-3 m/s (ROWLETT ef al., 1978). These wave-
like structures were attributed to atmospheric gravity waves. The density response of
atmospheric layer structure to gravity waves has been theoretically studied by CHiu
and CHING (1978). SHELTON et al. (1980) used CHiu and CHING’s approach to derive
a linear model for the density response of the sodium layer to gravity waves. In their
model, it is assumed that sodium atom is chemically conservative. The time constant
of the sodium is, however, very small, so that the mechanism is no longer valid, es-
pecially in the lower part of the sodium layer. Thus, it must be noticed that the wave-
like structures can be interpreted in terms of the coupling between gravity waves and
the chemical reactions.

Figure 5 shows that the sodium density oscillates due to chemical reactions. In
this way, the sodium layer will oscillate out of phase with the ambient atmosphere
particularly below the peak of the sodium layer. The amplitude in sodium layer is
larger by a factor of about 2 at 80 km than that in the ambient atmosphere. It must
be noticed that the sodium density oscillates also dynamically owing to gravity waves.
Thus the sodium layer will oscillate in phase with the ambient atmosphere, particularly
in the top part of the sodium layer where the time constant of sodium atoms is some-
what longer (see Fig. 4). Considering that the sodium density oscillates dynamically
and chemically owing to gravity waves, one can anticipate that the phase of the oscil-
lation would reverse at a certain height. In fact, the lidar observations showed a
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phase reversal at a height range of 89.5-92 km (SHELTON et al., 1980). This observa-
tional results support our opinion.

In conclusion, the wavy structure in the sodium layer, which have been attributed
to the gravity waves, must appear chemically via reaction (3) and dynamically.

5. Conclusion

The rate constants of the neutral chemical reactions adopted here are taken from
the recent measurements. The model is consistent on the seasonal variation of the
sodium layer. The reaction scheme, however, is not perfect, because it deduces a
large diurnal variation of the sodium layer which is inconsistent with the observational
results. The updated reactions cannot retrieve sufficient sodium atoms at nighttime
to fit observed profiles. Further measurements of some unknown reaction rates
should be performed. Since the model leads to a reasonable sodium profile at
diurnally averaged condition, we will not have to change essentially the model in the
future.

The photochemical time constant of the mesospheric sodium is found to be short.
It is shorter than 20 s at height range of 70 to 90 km. The wavelike structures in the
sodium layer has been considered as a response to atmospheric gravity waves by some
authors. We suggested that the coupling between gravity waves and the chemical
reactions must be taken into account. Moreover, we also suggested a new reasonable
mechanism; the observed wavelike structure of sodium layer moving vertically will be
explained by a density dependent termolecular reaction, i.c. Na-+0O,+N, - NaO,+
N..
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