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Abstract— A one-dimensional, time-dependent calculation which includes the dynamics of turbulence has
been developed. The dynamical parameters together with the mass density and temperature structure
measured during the ALADDIN I program are inputs to the calculations of the vertical distribution of [O],
[0,1.[0,('A,)], [OH] and [Ar] between 50 and 150 km. The results of the calculations are compared with
measurements of these species distributions made during the ALADDIN I program and are also related to
reported results at other times. Good to excellent agreement is found when the calculated profiles are
compared with the measurements. This agreement supports the contention of the authors that the turbulent
parameters measured from chemical trail fluctuations are due to atmospheric turbulence and are
appropriate for use in model calculations. Significant changes in species concentrations occur when the eddy
diffusion coefficient is increased. In particular, an increase in molecular oxygen and a reduction in atomic

oxygen and helium are noted.

INTRODUCTION

Many authors have reported investigations of the
chemical and transport processes that cause the

complex inter-relations among the atmospheric.

species of the mesosphere and lower thermosphere.
While the general chemistry and motions affecting the
major and minor atmospheric constituents are semi-
quantitatively known, the specifics of transport and
chemistry have never been tested by measurement
except in a general manner. It was towards this end
that measurements of in situ transport parameters
were incorporated into a one-dimensional chemical-
transport model calculation. The subsequent com-
parison of the profiles developed in these calculations
with measured major and minor species distributions,
determined simultaneously with the mass density,
temperature and the transport parameters, was the
basis upon which the ALADDIN I experiment was
conceived and executed on 20 November 1970 from
Eglin AFB, Florida (Rosenberg et al., 1973 ; Philbrick
et al., 1973a).

It has been known for many years that the atomic
oxygen produced from the dissociation of molecular
oxygen by solar uitra violet radiation above 95 km
must be transported downward by a process more
effective than molecular diffusion in order to supply
the atomic oxygen required for the three body
recombination processes in the more dense atmos-
phere. This dominant transport mechanism for all
regions below about 100 km has been referred to
previously by several authors as eddy mixing, eddy
diffusion, turbulent diffusivity, or eddy transport.
Models covering the region above 120 km, which is
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controlled mainly by molecular scale diffusive proces-
ses, have been developed on an empirical basis to give
fairly realistic values of atmospheric density (i.e.,
Jacchia, 1971) but are not satisfactory for inferring
atmospheric composition nor for understanding the
influence of the various physical processes. Over the
past decade several efforts have progressively de-
veloped towards a physically realistic atmospheric
model that includes measured solar fluxes, laboratory
measurements of the cross-sections for absorption
and photodissociation, measured chemical reaction
rate coefficients, and various representations of the
dyamical processes that are important in transport-
ing the species.

The first major step in handling the dynamical
considerations was the introduction of the concept of
eddy diffusion into calculations of atmosphericspecies
distributions (Lettau, 1951; Colegrove et al., 1965,
1966). Colegrove et al., determined the vertical
distribution of the major atmospheric species using a
constant eddy diffusion profile and compared the
atomic to molecular oxygen ratio with the value of
near unity at 120 km as measured by early mass
spectrometers. Estimates of the average effective
value of a constant eddy diffusion coefficient of
between 10° and 107 cm?s™' were found to be
acceptable in these studies.

A second major step in the development of physical
models was the solution of the time-dependent
equations of motion and continuity by Shimazaki
(1967). This calculation was made assuming that the
solar flux was continuously impinging upon the
atmosphere and used an eddy diffusion coefficient that
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was constant with altitude. The computed atomic
oxygen distribution was found to reach an asymptotic
solution after about 20 simulated days. The results
provided a fairly consistent view of the effects of
transport upon the distribution of atomic oxygen with
an assumed constant eddy diffusion coefficient of
about 107 cm® s™". Calculations using a constant eddy
diffusion coefficient, though physically unrealistic, do
illustrate the important effects produced when trans-
port processes are included in atmosphericmodels.

The third major step was the inclusion of a realistic
shape function for the altitude dependence of the eddy
diffusion coefficient and the inclusion of the diurnal
variation of the solar flux (Hesstvedt, 1968 ; Keneshea
and Zimmerman, 1970). The calculations of Hes-
stvedt provided valuable insight into the effects of
dynamical transport on the species profiles. The
calculations of Keneshea and Zimmerman incorpo-
rated measured turbulent diffusion coeflicients and
demonstrated good agreement with the then available
measurements of atmospheric constituents. Addi-
tional investigations have advanced our understand-
ing of the effects that various assumptions about the
dynamic processes and the boundary values have on
such calculations (Shimazakiand Laird, 1970; George
et al., 1972; Strobel, 1972).

The experimental program for measuring species
distributions and transport parameters pertinent to
these calculations has already been described (Phil-
brick et al., 1973a). It is the purpose of this paper to
present the equations of state, the applicable chemis-
try and transport relations and the comparison of the
theoretical species profiles with those measured. The
atmospheric species included in the model are O, O,,
0,,0H,H, H,,HO,,H,0,0('D), 0,(*A,), He and Ar
with N, as the time invariant background gas. The
model covers the altitude region from 50 to 400 km.
However, only the results between 50 and 150 kmwill
be discussed here.

TRANSPORT PARAMETERS

The calculations utilize the minimum vertical tur-
bulent diffusivity determined from the study of the
variance and spectra of the fluctuations exhibited in
the photographs of the chemical release (Zimmerman
and Trowbridge, 1973). From this study, the wind
system at the time of the experiment (Rosenbergetal.,
1973) was also obtained. However, since there has
been so much controversy over the question of what
turbulent diffusion coefficients are correct for use in
calculations of this type, a short review of previous
measurements, estimates and assumptions are worth-
while at this point.

Hunten and Strobel (1974) have presented a

discussion of some of the eddy diffusion coefficients
used by modelers. We shall review some of their
arguments on this topic, discuss some additional
analyses not covered by them, and then briefly
reiterate some features of the derived diffusivities
used in these calculations.

Hunten and Strobel (1974) question the assump-
tion of Keneshea and Zimmerman (1970) that turbul-
ence is isotropic over the scales measured in the
horizontal analysis of the turbulence exhibted in
photographs of chemical releases. However, they do
not examine what values would be reasonable for
these stably limited scales in this region. In isotropic
homogeneous flow, the parameter describing the
transfer of turbulent kinetic energy from the large
energy-bearing scales to those limited by kinematic
viscosity is the rate of dissipation of turbulent kinetic
energy, €, which is constant in the inertial subrange of
the energy spectrum. It has been amply demonstrated
in turbulence measurements in the mesosphere and in
the lower thermosphere (Zimmerman and Trow-
bridge, 1973) that the observed spectrum does,
indeed, follow Kolmogoroff’s law for this inertial
condition; i.e., E(k)~&**k >, where E(k) is the
spectral energy density and k is the wavenumber.
Then following Lumley (1964) and Phillips (1967), it
can be shown that in a stably stratified atmosphere the
vertical component of the spectrum will be “inertial”
to a scale size given by Iy = C;(¢/N*)""* where N is the
Brunt Vaisild frequency defined as N’=
g/T(@T/oz+T), T’ being the adiabatic lapse rate
==10 K/km. For arguments sake, let us assume that the
constant of proportionality C; = 1. Then, using values
for the rate of dissipation of 10° to 10°cm?/s®
(Zimmerman and Trowbridge, 1973) and N=2X
1072s " in the expression lg, we have ~100<ly <
1000 m. These values are within the limits discussed
by Keneshea and Zimmerman (1970) and support
their assumption of isotropy in arriving at their
values of diffusivity.

The minimum turbulent diffusion coefficients de-
termined from the observations on chemical trails
(Zimmerman and Trowbridge, 1973) are displayed in
Fig. 1. The profile shows severalsharp turbulentlayers
rather than the single broad layer used by Keneshea
and Zimmerman (1970). The vertical turbulent diffu-
sion coeflicients above 94 km are based upon meas-
urements of the rate of dissipation of turbulent kinetic
energy (Zimmerman and Trowbridge, 1973) and the
stability criterion determined from the simultane-
ously measured temperature profile of Theon and
Horvath (1972). Below the altitude at which the
measurements begin, the curve is chosen to follow an
exponential that closely resembles the turbulent heat
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F1G. 1. DIFFUSION COEFFICIENTS.

The curve labeled TURBULENT represents the eddy diffusion coefficients determined from the
chemical release data obtained from the ALADDIN I experiments.
The curves labeled O and O, are the molecular diffusion coefficients for these species computed from
equation (6).

transfer calculations of Johnson and Wilkins (1965)
and has a value of 1x10°cm’s™' at 50km as
measured by Beaudoin etal. (1967). When comparing
the heat transfer calculations, which represent an
upper limit to the turbulent diffusion coefficients, with
the upper part of the measured profile, one should
realize that such a structured profile may not be at all
inconsistent with the average heat transfer rep-
resented in those calculations. Indeed, some of the
earlier reported large values (Zimmerman and
Champion, 1963) may represent points on such
structured profiles rather than effective average
parameters. It should be re-emphasized here that the
data labeled K are minimal vertical turbulent
diffusivities which have been determined from the
measurement of the rate of dissipation of turbulent
kinetic energy and the smallest length scale of the
buoyantly damped turbulent motions. It is not known
to what extent the buoyant sub-range will go into the
lower wave number region, but it is obvious that there
must be a continuous transfer of energy from the shear
source to the inertial range. The unknown here is the

separation between the source range and the isotropic
inertial range. Since this region of the buoyance
sub-range must contribute to increase the turbulent
diffusivity, the calculations are made for the cases K
and 3K. Examination of Fig. 1 shows what is
apparently an inconsistency in that the molecular
diffusion coefficient for O, is larger than the upper
peak of the turbulent diffusion coefficient, K. This
situation might exist in decaying turbulence, but for
the models that hypothesize this turbulent diffusivity
as constant with time, it can be argued that this is
incorrect. However, itshould be remembered that this
is the minimum theoretical diffusivity based upon
measurements of the rate of dissipation (¢) and the
Brunt-Viisild frequency (N). The real turbulent
transfer coefficient should be larger than this
minimum as estimated by the use of 3K. In these
calculations, the peaks of turbulent diffusivity have
arbitrarily been allowed to exist for K <D, even
though there is argument (above) to remove them. We
feel that their existence will not produce significant
differences in the calculations.
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EQUATIONS OF STATE

The equation of conservation of particles, the
continuity equation, for a given gas species is
T F-nR -V, M
at
where n, is the concentration of species i, F; is the rate
at which the species is chemically formed, nR; is the
rate at which it is chemically removed and @, is the
vector flux of the species induced by all non-chemical
processes. For the purposes of this work, only one
dimensional vertical molecular and eddy diffusion will
be considered in the flux term:

®, =nC +nV, (2

where C, is the velocity of species ; resulting from
molecular diffusion and V,; is the velocity resulting
from eddy diffusion. Thus the continuity equation
becomes:
M F-nR -2 mC+nV). ()
a 9z
For a minor species diffusing through a fixed
background gas of much higher concentration the
equation of motion can be written as (Chapman and
Cowling, 1970; Shimazaki, 1967; Keneshea and

Zimmerman, 1970):
M +
C_KTIG 1on (4e)aT 1]

at;,van‘az T a8z H,

where k is Boltzmann’s constant, T the temperature,
n; the mass, «; the thermal diffusion factor and H, the
scale height of the i*" species. The molecular diffusion
coeflicient of species i in a multi-component gas is
given by
1
i Z Xi
] Dll
where x, = n/ N, the mixingratio of the j " species.
The molecular diffusion coefficients for a binary gas
are computed using the approximation of Chapman

and Cowling (1970) for rigid elastic spheres of
diameters o, and o;

3 {kT(m,+m,)}"2
‘" 8Nuo’

D (5)

(6)

2amm;

where oy, = Ho + a;), N is the total concentration and
m; is the mass of fixed background gas (N,).

The thermal diffusion factors are assumed tobe zero
except for the following species: O(—0.27). H(—0.39),
H,(—0.31}) and He(—-0.36) (Zimmerman and
Keneshea, 1976).
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The eddy diffusion velocity, taken from the formu-
lation of Colegrove et al. (1966) is

1an, 16T 1
Vi=-K|l——+=—+— (N
n,dz Tadz H,

where K is the eddy diffusion coefficientand H,,, is the
scale height of the mean molecular mass.

Writing 3,4, and 7 inafinite difference notationand
combining them leads to an equation for each species
of the following form which can be solved at each
altitude point z, for the concentrationattime t + At.

SARAA BTN -Gl =D (®)

where the coefficients A,', B,', C,' and D,' can be
evaluated from known quantities at time t.

The tridiagonal set of equations (8) are solved
subject to appropriate boundary conditions by the
method of Richtmyer and Morton (1967).

INITTAL CONDITIONS

The temperature (Fig. 2) and mass density in the
region 50-125 km are taken from the measurements
of Theon and Horvath (1972). From 125-160 km the
measurements of these parameters by Golomb
(Rosenberg etal., 1973) are used. Above 160 km, the
values are taken from the 900K cxospheric tempera-
ture winter model of the U.S. Standard Atmosphere
Supplements, 1966. The initial values of the mean
molecular weight of the atmosphere are fixed at 28.96
up to 80 km. Above 80 km, the initial values of the
mean molecular weight arc taken from the winter
model of the U.S. Standard Atmosphere Supple-
ments, 1966.

Initial height profiles of all the species are required
for the solution of the finite difference equations.
From the lower boundary up to the turbopause, the
altitude above which turbulence ceases to exist, the
total concentration at each altitude point is computed
from the measured mass density (p), and the initial
mean molecular weights, m, (i.e., N = p/m). Below
the turbopause each of the species is assumed to be
completely mixed so that its concentration at any
altitude is simply the product of the total concentra-
tion and its mixing ratio. A mixing ratio of 5 ppmv for
water vapor is assumed. Above the turbopause cach
species is assumed to be in diffusive equilibrium which
permits its concentration to be computed from the
hydrostatic equation

+ oT
dom (A+e)dT 1 _o ©)
n; 0z T 06z H,
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Fi1G. 2. THE STATIC TEMPERATURE PROFILE.
The values from 50 to 125 km are the measurements of Theon and Harvath (1972). The values from
125 to 160 km are the measurements of Golomb (Rosenberg et al., 1973). Both of these measure-
ments were made in the ALADDIN I program.

The analytical solution of (9} is

T U+a) m. z
cenf2) el 3]

where g is the acceleration of gravity and the subscript
zero indicates values at the turbopause.

The argon concentrations are fixed throughout the
time-dependent calculations. Its profile is computed
assuming thatits net velocity throughout the volume is
zero (Ca, + V) =0, and also that

aCAr _
at

;%—,dz] (10)

0.

Then, using (4) and (7), the analytical solution for the
vertical profile of argon is

Rar = (Rarde (%)

1 J’z (mArDAf""'a

% —
ool ], (5%

8
. dz] (1

T

where D,, is the molecular diffusion coefficient for
argon. It has been found that the neutral profiles
described by complete mixing up to the turbopause
and diffusive equilibrium above do not represent
satisfactory initial conditions for starting the time-

dependent solutions. Inorder to reduce the amount of
computer time for the time-dependent solution to
overcome these initial conditions, these profiles are
used to solve the steady-state equations that result
from setting the time derivatives in (3) and (4) to zero.
The steady-state equations are solved using solar
conditions corresponding to three hours after local
noontime. The profiles resulting from the steady-state
solution are then used as initial conditions for the
time-dependent solution. The time-dependent calcu-~
lations are started at noon and solutions are continued
until all species reproduced their concentrations
diurnally at all altitudes to within one per cent. This
condition of diurnal reproducibility is generally ar-
rived at after about 25 solution days.

HEIGHT STEP CONSIDERATIONS

In the early stages of the model calculations, a
height step of 1 km was used. It was found, however,
that the profile obtained for argon from the solution of
the finite difference equations was considerably differ-
ent from that computed from the analytical relation
(11). The difference between the two solutions was
attributed to the fact that the 1 km height step used in
the finite difference solution was too large to accu-
rately describe the vertical gradients. The height
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increment in the finite difference solution had to be
reduced to 100 m before the twosolutions coincided.

In order to reduce the amount of core storage
required as well as the amount of computer time per
solution, a variable height step array was used. From
the lower boundary, 50 km, up to 90 km the height
step was fixed at 100 m. From 90 to 400 km the height
step was computed by assuming that it was propor-
tional to the pressure scale height of the atmosphere.
This produced a height array with 940 grid points with
amaximum heightstep at the upper boundary of about
1.25 km and showed no difference in the argon profile
from that obtained with the constant 100 m height
steps.

BOUNDARY CONDITIONS

The solution of the steady-state as well as the
time-dependent finite difference equations requires
the specification of lower and upper boundary condi-
tions. At the lower boundary, the concentrations of

0., H,0, H, and He, are held fixed at their mixed
values throughout the time-dependent calculations.
All other species prove to be chemically controlled at
the lower boundary so their concentrations are
computed from chemistry only. For each of these
species, the height derivative in (3) is set to zero and
the resulting ordinary differential equation is solved
for the time-dependent lower boundary concentra-
tions. At the upper boundary, the velocity of each
species is assumed to be zero with the exception of
atomic hydrogen and helium. From Banks and
Kockarts (1973) the efflux velocity of atomic hyd-
rogen, at 400 km and an exospheric temperature of
900K, is calculated to be 346cms ™. The efflux

velocityof helium is arbitrarilytakentobe 1 cms™".

CHEMISTRY

The chemical reactions operating in the model and
their rate coefficients are given in Table 1. The
intensity of the solar flux in the wavelength interval

TABLE 1. THE CHEMICAL REACTION SCHEME USED IN THE MODEL. THE RATE COEFFICIENTS FOR THE PHOTODISSOCIATION
REACTIONS ARE DEPENDENT UPON THE SOLAR ZENITH ANGLE

Reaction Rate coefficient Reference

0+0+M—-0,+M 3x10733(T/300)">° Campbell and Thrush (1967)

0+0,+M—-0;+M 5.5x 10734 (T/300)~2* Kaufman and Kelso (1964)
0+0,- 0,+0, 1.2x 1011 ¢~(20007 Schiff (1969)
O+OH—-»H+0, 22x10™1 Bauich et al. (1972)
O+HO,— OH+0, 1x1071? Kaufman (1964)

O+H,—> OH+H 7 x 10711 g~ (5100/T Wong and Potter (1965)
O+H,0,—> OH+HO, 1.4x 10712 g~(2125/D Davis et al. (1974)
O+H,0, > H,0+0, 1.4X10712¢~@125M Davis et al. (1574)
0,+H—>0,+0H 2.6x1071! Kaufman (1964)
0,+0OH—-HO,+0, 1.3x 10712 g=(50/D Anderson and Kaufman (1973)
0,+HO, - OH+0,+0, 1x 10713 1250/ Garvin (1973)
H+0,+M— HO,+M 2.1x 10732 300D DNA Reaction Rate Handbook
H+HO,—>H,+0, 1.5x10~2 Hunten and McElroy (1970)
H+HO, - OH+OH 1x10° Kaufman (1964)

H+H,0, - H,+HO, 2.8 1012 ¢~(1900/D) Baulch et al. (1972)
OH+OH - H,0+0 2x107*? Kaufman (1969)
OH+HO, - H,0+0, 2x1071° Hochanadel et al. (1972)
OH+H,0, - H,0+HO, 1.7 x 10711 g~(900/D Baulch et al. (1972)
HO,+HO,—H,0,+0, 3.0x 10711 g~500T Hampson et al. (1973)
Oo('D)+0,— 0,+0, 3x10°10 Snelling and Bair (1967)
O('D)+0,—> 0+0, 510711 Young et al. (1968)
O('D)+N, - O+N, 5x1071! Young et al. (1968)
O('D)+H,0—- OH+OH 3x1071° Garvin (1972)
O('D)+H,—>OH+H 1.9x1071° Young et al. (1968)
0,('A)+0,—0,+0, 3x10°15 Wayne and Pitts (1969)
0,('A)+M—0,+M 4.4x1071 Clark and Wayne (1969)
0,('A) =0, 2.58x107* Badger et al. (1965)
02(1Ag) +H—-> OH+O 2.5x10714 Schmidt and Schiff (1973)
O,+hr - 0+0 1750< A <2424 A

0,+hv = O('D)+0O A<1750A

O;+hv — 0,('A)+O('D) A<3100A

O,+hv - 0,+Q 3100<A <7300 A

H,0+hv —>OH+H 1219<A <1864 A

H,O0,+hv — OH+OH 1882 <A <3030 A
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1163-7300 A used in computing the
photodissociation rate coefficients is taken from
Ackerman {(1971). These values of the solar flux in
the Schumann-Runge continuum may be high by a
factor of approximately two (Heroux and
Swirbalus, 1976). The effect of reducing the
intensity in this band was considered by Keneshea
and Zimmerman (1970) who showed that for a
factor of two reduction of the Schumann-Runge
continuum there was a reduction of the atomic
oxygen concentration by almost this same factor,
accompanied by an increase of molecular oxygen.
The absorption cross-sections as a function of
wavelength for O, and O, are those compiled by
Ackerman (1971). In the region of the Schumann-
Runge bands of O, the measurements of Hudson
and Mahle (1972) are used. The absorption cross-
sections for water vapor and hydrogen peroxide are
those reported by Watanabe and Zelikoff (1953)
and Voiman (1963), respectively.
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RESULTS

As mentioned previously, the calculations were
performed for each turbulent diffusion profile K and
3K. This was done in order to ascertain the correspon-
dence between the theoretical species profiles and
those measured in the ALADDIN I program.

The measurement of argon is very important to this
program because it is a chemically inert species so it
responds only to transport effects. Thus, argon is a
good indicator of the validity of the transport coeffi-
cients measured, particularly the turbulent diffusion
coefficient. Tocompare theory with the measurement,
the argon to nitrogen ratio relative to the ground-
based Ar/N, ratio is plotted in Fig. 3. It is obvious that
the theory using the K and 3K turbulent diffusivities
quite accurately predicts the distribution of the
measured Ar/N, ratio. From this, we may infer that
the turbulent intensities and, in particular, the vertical
distribution of turbulence, as revealed by chemical
trails, is appropriate for these model calculations. [tis

120~

3

ALTITUDE (km)

[o1]
Q
I

10 10°
SEPARATION RATIO

Ar/N,

F16. 3. THE ARGON TO NITROGEN SEPARATION RATIO.
The solid profile is the computed values for the turbulent diffusion coefficients K and the dashed
profile is the computed values for the turbulent diffusion coefficients 3K. The squares represent the
measured ratios.
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of interest to note that the structure in the calculated
Ar/N, profiles shows the effect that turbulent and
laminar layers can create through alternate mixing
and diffusive flows. It is also of interest to note that
there appear to be coincident layers in the measure-
ments. A point to remember is that these calculations
are one-dimensional in the vertical.

Before discussing the data and calculations for the
remainder of the measured species, let us consider the
results of the initial steady-state calculations as
compared with the time-dependent solution. The
comparison is of interest because of the many
calculations that have been and are being performed
using only steady-state equations. The steady-state
profiles of atomic oxygen, water vapor, and hydrogen
do not accurately depict the distributions of these
species in the upper mesosphere and thermosphere.
The time-dependent calculations take into account
the day-night changes that are important in most
species distributions. Species such as atomic oxygen,
atomic hydrogen and water vapor have regions of the
atmosphere where they are strictly chemically domi-
nated. In certain of these regions, the species concent-
ration will shift markedly from the steady-state profile
in the course of the time-dependent calculations. This
is demonstrated in Fig. 4 which shows the mesosphere
and lower thermosphere distributions of [O], [H] and

[H,O] for steady-state and for noontime after reach-
ing diurnal reproducibility. The difference is indeed
significant, particularly in the mesosphere above
80 km which approximately marks the transition
region from chemical to transport dominance.

THE ALADDIN RESULTS

In Fig. 5 the calculations are compared with the
mass spectrometer measurements of N,, O,, O, Ar,
and the O,(*A,) photometer measurements (Philbrick
et al., 1973a) at a solar zenith angle of 98° during
evening twilight. The computed profiles, as discussed
earlier for the Ar/N, ratio, show very good agreement
with measurements. The difference between the
measured and calculated values for atomicoxygen can
be attributed to the difficulty in measuring this highly
reactive species and perhaps to the flux values used for
the Schumann-Runge continuum. The Ackerman
(1971)flux compilation may be a factor of ~2 too high,
if some of the recent measurements of Heroux and
Swirbalus (1976) are more accurate than those used by
Ackerman. Generally, rocketborne mass spectrome-
ter measurements tend to underestimate the atmos-
pheric concentration of atomic oxygen {Lake and
Nier, 1973; von Zahn, 1970) measured in the
mesosphere and lower thermosphere. No correction
for atomic oxygen loss processes have been applied to
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Fic. 5. COMPARISON OF COMPUTED SPECIES PROFILES FOR TURBULENT DIFFUSIVITIES K AND 3K (SOLID
DASHED CURVES) WITH MEASURED PROFILES FOR O (SQUARES), O, (TRIANGLE), N, (CIRCLES), Ar
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the data shown in Fig. 5. The 44 amu measurement
corresponds well to the 16 amu profile above 95 km
which shows some loss of atomic oxygen to the
formation of CO,. Below 95 km the 44 amu measure-
ment shows that CO, is very near the ground level
mixing ratio. The structure in the atomic oxygen
profile is considerably larger than the relative profile
error (~ £15% over most of the profile). The calcu-
lated profile also shows some structure which, al-
though not in exact correspondence, indicates the
effect that turbulent layers may have on the atomic
oxygen distribution. A nearly identical instrument
flown atanothertime did notexhibit the structureseen
in this profile (Philbrick et al., 1973b). The general
agreement between the model above 70 kni and the
0.(*A,) measurement tends to support the validity of
the calculated profile of atomic oxygen in this region
because of the photochemical reactions coupling the
O, O; and O,(*A,) concentrations. This is particularly
true in this 98° post-sunset period where the O,(’A,)
concentration is changing very rapidly.

The noontime fluxes and the noontime and mid-
night production and loss rates between 50 and
150 km are shown in Figs. 6-8 for atomic oxygen. The
noon values clearly follow contemporary thought in
that the production and loss processes are chemically
dominated in the mesosphere, and production and
transport dominated in the thermosphere. The night-
time results for Os, Fig. 9, show striking differences
from these lines of thought. Ozone is transport
dominated from 50 to ~75 km; however, in spite of

this, the O; concentrations will show little change
because of its large chemical and transport time
constants in this region. An unexpected result of these
calculations is the transport domination of hydrogen
peroxide throughout the mesosphere. This species is
most interesting in that the night-time profile results
strictly from its production by HO, and transport
redistribution. With convergent and divergent mo-
tions whose effective time constant is ~10*s, this
species should exhibit strongly any of the fluctuations
created bywaves and turbulence ina mannersimilarto
oxygen above ~75 km. Indeed, H,O, appearstobe a
most effective tracer material unless there is some
chemical reaction such as Cl+H,O, not considered
here that would affect its chemical loss time. Figures
10-14 display the mesospheric diurnal behavior of
[01,[H],[0,],[OH], and [O,(*A,)]. They show, within
the constraints of the model, the expected diurnal
variations of these species below 90 km. That they are
similar in general to many other time-dependent
calculations is also to be expected. The differences are
primarily in the amplitudes at any given time and
altitude and are due to the different transfer coeffi-
cients used in the calculations presented here.
Given the good to excellent agreement found
between the calculated profiles and the measurements
of the ALADDIN I program, we naturally turn to the
comparison of the calculations with other recent
measurements. Even though the temperature, de-
nsity, and transport parameters used apply to the
conditions at sunset on the day of the measurements,
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computed profiles can be chosen at other solar zenith
angles for comparison with measurements at other
times and locations. One in particular is the reported
midnight measurement of atomic oxygen by reso-
nance fluorescence and absorption techniques at
South Uist, Scotland (57° 20'N, 7°20'W) at 2237
UT on 1 April 1974 (Dickinson et al, 1974).
Figure 15 shows the comparison of these data with
the computed midnight atomic oxygen profiles for
the K and 3K turbulent diffusion coefficients. It
may be argued that it is erroneous to compare this
model with data taken at a different season, winter
for the model calculations and equinox for the
Dickinson et al., experiments. However, since the
noon solar zenith angles are very close, and since
this is a most important factor in the daily produc-
tion of atomic oxygen, it is felt that the comparison
is quite proper. As observed, the correlation be-
tween theory and experiment is extraordinarily
good over the entire altitude range and particularly
near the lower cut-off ledge around 80 km. This is
particularly important because of the effect that the
turbopause height has upon this species, i.e., the
higher the turbopause for a given turbulent inten-
sity, the lower in ajtitude will be this ledge. This
excellent agreement in the night-time cut-off height
is another affirmation for the reasoning that the

turbulence exhibited in rocket deposited chemical
tracer trails in the lower thermosphere is indeed the
atmospheric turbulence at these heights and a
major transport mechanism.

In Figure 16 isshown acomparisonof the model OH
profile with the measurement by Anderson (1971)ata
solar zenithangle of 86°. The comparison is made with
the integrated profile rather than with the reduced
concentrations in order to moderate differences
created by the differentiation of the measurement.
Here, the agreement is fairly good when compared
with this measurement, perhaps as good as can be
expected considering all the unknown parameters.

In conclusion, it has been demonstrated that a
one-dimensional time dependent calculation incor-
porating measured transport coefficients and the basic
state of the atmosphere can reproduce well the
simultaneous measurements of the minor species.

Acknowledgement—We wish to express our thanks to the
reviewer for suggesting the reaction of H,O, with Cl as a
possible loss mechanism for H,O,.
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