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Meastremients of theverticil TolumT emission Fates of alommic URygen ediissionisarising from radiative
recombination, ion-ion recombination, and dissofiative recombination in the nighttime £ region are suffi-
cient to remately sense the F layer height and péak plusma density. For example, measurements cad be
made of O 1 1356 A and [O 1] 6300 A, with vertical column emission rates J,ses a0d Jeo. T0 a very good
approximation the peak electron density is proportional 1o {J,:}'"%, and second-order dependence on
height and exospheric temperature is very small. To 4 good approximation the 1atio (Jfisse) 2/ Jae i5 2

single-valued function of the layer height.

INTRODUCTION

Measurements made of atomic oxygen emissions arising
from radiative recombination, ion-ion recombination, and dis-
sociative recombination in the nighttime F region can be used
to remotely sense the F region layer height 2nd peak electron
density. For example, measurements can be made of O 1 1356
A and [O 1]6300 A, with vertical column emission rates J,;.
and Je00- To 2 very good approximation the peak electron den-
sity is proportional to (Je)'"?, and second-order dependence
on height and exospheric temperature is very small. To a good
approximation the ratio {J,se)"%/ e 15 2 single-valued fune-
tion of height.

Second-order effects need be taken into account in deriving
ftmax [rom the airglow data, the most important of which is the
dependence on exospheric temperature, as it affects the O,
concentration. There is a very small dependence on #pay.
When observations made in low-latitude regions are being in-
terpreted, the difference in height of the layer at the northern
and southern conjugate point regions can be determined and is
insensitive to many neutral atmosphere parameters and
second-order effects. The height differences thus obtained can
be directly related to meridional winds. Also, when wave
phenomena are present in the F region, the perturbations on F
region plasma parameters can be accurately determined, in
spite of uncertainty concerning neutral atmosphere
parameters.

The ratio (fy6)"*/Jesm is one of a number of ratios that
could be employed. In general, the numerator shouild contain
the celumn emission rate of an atomic oxygen radiative recom-
bination emission such as the O [ 905- to 910-A continuum, O
[ 1356, 017774, or O [4368. (The O 1 1304 and O 1 1027 lines
and others for which the F region is optically thick are un-
suitable. For details on radiative recombination and ior-ion
recombination emissions see Tinsley et af. [1973] and Van
Zandt and Tinsley {1974])

The denominator should contain the column emission rate
of an atomic oxygen emission from dissociative recombina-
tion, such as [Q 1] 6300, [O I] 6364, [0 [] 2972, or {Q 1) 5577, if
the F region component of the latter can be separated from the
E region component. The ratio (Juu)?/Jee 15 useful for
ground-based measurements. The ratio (Fas-sio)' 2/ e does
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not inveolve ion-ion recombination, and a model is not needed
for n(Q}, although the uncertainties due to this are small.
Emission rate Jys_qe could conceivably be measured in the
daytime, giving reliable daytime values for sy We will con-
fine our discussion to O I 1356 and.-f0 1] 6300.

THEORY

The column emission raie Jy', due to radiative recom-
bination, is given by

J_l:tSﬁr = falxsa”(0+)”(€) dz 1)

and the column emission rate due to jon-ipo recombination
is given by

Jo o BiaseK 1 Kp1(0)n(O  Ynle) dz

1928 K.n(0%) + K:n(O)

The formalism and notation follow that of Tinsley et al.
[1973] (see also Table 1).

The column emission rate Jee due to dissociative recom-
bination is given by

2)

4 _ K A0y l”(oz)"(0+) iz
Al + d@)/ 4)
where the formalism follows that of Peterson and Van

Zandr [1969] (see also Table 1),
Now

(3)

Jr.son

20" + n(0;") 4+ a(NO")
n(O")1 + B(z)] @

and B(z) is significant only below 200 km under normal con-
ditions and is given by

71Ht02)
o, m{e)

wie) =

N

')’2”(N2}
e

B(z) = (5

and in the nighttime tropical regions with strong downward
motions due to winds with E X B drifts it may become signifi-
cant.

The term di(z) is the quenching frequency and is given by
dz) = Sn n(Ny) + S.nie) &)

where Sy_and S, are the quenching coefficients for quenching
on N, and electrons, respectively. The electron quenching is
nonnegligible in its effects on Jg4e when the electron con-
centration is high at high altitude, as it may be with upward
motion due to winds and drifts in the tropical regions. There is
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Reaction

TABLE L.

Rate Coefficient

Reaction Rate Data
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Reference

Ot +e—0 + A (1356 A)
O+e-0"+hr
O +0*'=0*+ 0

0"+ 0= Os+e-
O" +‘Og‘-'03+ +0
OF 4+ N; - NO* + N
Oa+ +e=0+0.
NO*+e—~N+0O

Cpses = 8.1 X 10~ 2 {1000/ )'/2
K =13%10""%cm's™

K= 10X 1077 ¢cm?s™!

Buss = 0.54

Beson = 0,12

Hy =146 f=tigmt s - —
7 = 20 X 10" 300/ T em® s~
¥e= LOX 10-2(300/T) cm? s~
o, = 10X 0= {700/ T cm? 5~
ag = 2.0 X 1000/ T) em® s™!

Tinsley et al. [1973]
Massey {1969]
Olsen et al. [1971]
Olsenetal. |1971)
Olsen et al. [1971]
—Fehsenfelderol{1969]-
Donahuee [1968]
Donahue [1968]
Bioadi 11969]
Biondi {1969]

O(D) + Ny — OPP) + N,
OD)+e—0+e

A=00091s5"
K=10

Su, = 70X 10-4 em® s~
Se= LTX 10 °tm?s™?
Agyoo = 0,009 51

Forbes [1970)
Seatan [1955)

Model for neutral atmosphere; Walker [1965] analylic form of Jacchia [1965] model with #(O3)ie xm
= 7.5 X 10% e a{Qhso km = 7.6 %X 10" em =3, nlNeduzo km= 4.0 X 10" em~?, and Tiz um= 355 K.

a very small amount of 6300 emission, due to ion-ion recom-
bination, given by

Bo300 K Ko r{OM(Q nle) dz

i
Josoe =

This increases in importance relative to the dissociative
recombination where #{0) is larger relative to a(Oy), 1e.,
at high altitudes. Under these circumstances Kn(O*) >>
Kan(Q), and n(O*) ~ nfe), and it can be seen that the ratio
of the volume emission rates is given approximately by

ABgz00K, . n{Q} ¢
Agaoo Ky, n(0)

which with the rate coefficients given in Table | is negligible
for normal thermospheric conditions, Thus we neglect Jeu'
in what follows.

We can write

nle} = nn(e)S(z) &

where nn(e) is the concentration at some reference height, say
. the height of the peak of the layer, and S(z) is a shape func-
tion for the F region electron concentration.

Thus (3} becomes

_ K Agz00nmle) 111(0,)S(z) dz
Joson = =4 f 0+ dzyan + 8@ O
Now
Jime = Susa® + Jiaset (10)

and it is a good approximation in the height range where the
1356 emission is produced to take #{O*) = n(e), so that we can
write

jlasa = n,,,.g(e) fawsaSz(z) dz + n,,.z(e)

. B|350K|K2H(0)SE(Z) dz
Kon (2)8(z) + Kyn(O)

(11)

With the F layer at low altitudes the ratio of the volume
emission rates of ion-ion recombination and radiative recom-
binationt is a maximum [Hanson, 1970] and for 1336 emis-

sion, using currently accepted rate coefficients, is about 60%.

Eon(©0) + KanOIl + d74] &

This can be seen by putting Kon(e) << Kwi(O) and the
numerical values for the rate coefficients in (11). When the
F layer is at high altitude or has high electron density, then
Kale) >> Kn{O) over the height range of interest, and the
second integral of (1) is negligible in comparison with the
first. In gither case, {/iua)* is proportional to n,, and nearly
independent of %,,. For lower altitude layers the second-order
effects on n,, are somewhat more important.

The relationship between (fya56)""%/ Jesoo and A, is affected by
neutral atmosphere concentration variations and in particuiar
by n(0O,), which is an exponential function of exospheric
temnperature, ’

The dependence of (Ji3s6)'** 0on #n(e) for several k,,, and the
dependence of the ratio (S1u56)" "% /e 0n Ay for several n,(e)
have been calculated numerically using the rate coefficients
and neutral atmosphere parameters given in Table’l. The
nighttime F, region was represented by a modified Chapman
function

S(z) = exp {%I:l - (z_f}ff_)ﬂ)

- ()

The scale height H'(z) is nearly the scale height of atomic
oxygen. Since both the thermospheric temperature T and
the gravitational acceleration g vary with height, the value of
H'(z) used in the calculations was given by

oy 1 _ & [100) | TG
H'@) = 3lH(R) + HO = 5 [g(h,..} g(z)] 13

Calculations were made for three exospheric temperatures,
800 K, 1000 K, and 1200 K, and temperature variations
with height as in the Walker [1965] modification of the
Jacchia [1965] model. For each exospheric temperature
several values of n,{e) were used.

The integrals were evaluated over 1the range 150-800 km.
The results are shown in Figures | and 2. It can be seen that
the second-order variations of (/)" with &, and T, may for
practical purposes be neglected. It can also be seen that for a
given exospheric temperature the second-order variations of
(/1356)" %/ Foaoa With nm(e) are small {the order of 10 km in k),
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but variations with exospheric temperature are more impor-
tant, amounting to a 30 km variation for 50 K.

For practical use of measurements of J s and Jeqo to deter-
mine /i, one should use an iteration technique to solve (9) and
(11} for these parameters. Using (11) a height of, say, z,, = 350
km can be taken to specify H'(z) in $(z) and with which ion-
ion recombination can be ignored and n,(e) determined.

Then a first-order value of A, is obtained by comparison of
(V1136)' "/ Jasno With a curve such as shown in Figure 2 for the
appropriate exospheric temperature and #,,(¢). Alternatively, a
search is made in a subroutine for the value of 4, which with
the given n, and neutral parametérs satisfies

172
Cuase) = [f @13568°(2) dz

Jea00

.7 ™

+ Bisse K, Kzﬂ(O)SQ(z} dz]lﬁ[KAgaM
Kn.(e)S) + Kin(Q} A
f {1

¥:1(0:}8(z) 4z -
+ d(z)/ ANt + B(z))

Then an iteration for n, and k., is made once more,

which is alt that should be necessary.

(14)

COMPARISON WITH F REGION DynaMic MoDELS

Significant e¢ffects might be thought to arise with the
departure of the layer shape from the modified Chapman func-
tion when winds or clectric fields are acting on the layer or
when radiative recombination, with its square law joss rate, is
relatively more important at high electron densities. A com-
parison of the results from the formulas as given above has
been made with the results of a numerical model of the tropical
£ region, which solves the time-dependent coupfled nonlinear
system of equations for the O*, NO*, and O.;* number den-
sities in the F region, including the effects of diffusion, E x B
drifts and neutral wind. Examples of the use of this model have
been presented by Birtencourt et al. [1974). Samples for the
present purposes were chosen with exospheric temperature
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Fig. L. Varialion of (fi55)"? with #,(e)} for exospheric temperatures

of 800 K and 1200 K and heights of 250 and 390 km.
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Fig. 2. Variatioh of (Siye)"®/Jaw with A F; for exospheric
temperateres 800 K, 1000 K, and 1200 K for peak ¢lectron density
(fm(e)) values 105 5 X 10% and § X 10¢ cm~2,

corresponding to a value used with the formulas, and the ratio
(/10300 / o500 was evaluated from the formulas and from the
numerical model for corresponding height and electron con-
centrations. A plot of (Jigse)*3/Jea00 from the formula against
the same quantity from the numerical models should corre-
spond to a ratio of the two quanlities of unity and should fall
on a straight line of 45° slope. Departures from the line would
be due to numerical inaccuracies on account of the fairly
coarse latitude and height (10 km) grid spacing in the
numerical model and to departures from the Chapman layer
shape if they are significant. The results shown in Figure 3
demonstrate that the departures from a ratio of unity are less
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Fig. 3. Plot of (Jiz6)"% Jaee from the numerical model of the

Lropical F region [Bittencourt et al., 1974] against the same quantity
evalualed from the formula (14) for corresponding lemperatures,
heights, and ¢lectron densities.
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than about 20%, or about 10 ki in Ay, which can be ascribed
to the numerical model. On examination of individual data
points, no systematic departures from unity ratio were seen
with wind velocities up to 110 m s~* and electric field drift
velocities up to 20 m s~! or with mmay values up to 6 x 10“
em™,

A small systematic departure of vertical profiles from the
Chapman profile has_been seen by direct comparison of
electron concentration profiles, which is due to latitude
gradients in #max 2t small dip angles. Then the plasma con-

.centration at altitudes other than the peak is coupled along the
field line by diffusive equilibrium to a peak of different 1y,ax ar
different latitude.

Correction to the data can always be made retrospectively |f
departures from Chapman layer shape become significant
with, say, extreme values of latitude gradients, wind, or drift
velocity. Such extreme values could be inferred. if present,
from a suitable data set in latitude and/or local time.

MEASUREMENTS MaDE WITHIN THE LAYER

If measurements are made from a spacecralt within the
region where the volume emission rate is significant, a correc-
tton for the column emission above the spacecraft (for nadir
measurements) or below the spacecralt (lor
measurements) must be made. Provided the nadir measure-
ments are not made at or below the £ region peak, or zenith
measurements at or above the 6300-A emission peak, the in-
tegrals (8) and (10) can be evaluated with the satellile height as
one of the limits, and fmax and Ama, Obtained, although the
iteration routing will not converge quite as rapidly as
otherwise.

DETERMINATION OF F REGION WINDS  «

As noted earlier, systematic errors such as in the vatue of
n{Q;) have small effects when height differences are being
derived, so that the approach to remote sensing of F region
heights described above is particularly suitable for obtaining
height differences at conjugate points at low latitudes and us-
ing the height differences to obtain F region winds.

A study of Ogo 4 measurements of J 550 and JSos0 [Hicks and
Chubb, 1970; Chandra et al., 1973] to determine winds in this
way was proposed in 1972, and using the results of the
numerical models as the basic reference, has led to values for
the meridional and zonal F region winds in the vicinity of the
Appleton anomaly [Bitzencourt et al., 1974; Bittencouri, 1975,
Tinsley et al., 1974].

EXPERIMENTAL VERIFICATION

Experimental verification of the relationship between J
and Jeyge and Ay, and n,, is equivalent to verifying () and (11).
Equation (11) has been verified for Jiu,, by Tinsley et af. [1973]
and for J,u neglecting the smaller ion-ion recombination con-
tribution by Meier and Opal [1973). Equation (9) has been
verified in a number of publications, one good example being
that of Wickwar et afl. [1974]. It has been fell desirable,
however, to verify the deduction of k,, with measurements of
Jizse and Jgy made simultaneous with ionosonde records.
Chandra et al. [1975] have discussed determination of k., and
#tn atong lines similar to that of this paper and have in fact es-
sentially made the desired verification.

ConcLusIOoN

[t has been shown theoretically that it is possible to sense the
height and peak electron density of the nightiime £ region by

zenith’
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simply measuring the nadir intensity of two selected recom-
bination airglow emissions. This has been done using data
fronf Ogo 4, and with a new instrument dmgned for this
purpose it could be done with much greater precision. 1t would
be possible to calibrate it against an incoherent scatter radar,
or the true height profile from an ionosonde, to remave
systematic errors due to uncertainties in the instrumental
calibration and in the rate coefficients in the equations.

It is necessary to obtain n(Q,) near the 6300 emission peak
from models. An error by a factor of 3 in #(02) amounts to
about 30-km error in A, but the error_is unimportant when
height differences at low-latitude conjugate points are used to
determine F region winds.

When measurements are being made from a spinning satel-
lite or A, is otherwise determined from zenith angle scans of
the emission, more independent parameters ar¢ obltained, and
the analysis procedure can be modified to yield the value of
n(0,;) and height profiles of selected constituents.

This type of analysis has been made with limb scanning in
O | 5577 alene from Ogo 6 by Thomas and Donahue [1972],
and in this case they assumed an O, model and deduced
horizontal and wertical electron concentration variations
below the F region peak.
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