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Abstract

Theoretical and experimental investigations of upper atmosphere dynamics
have been pursued under this grant for almost two decades. This final re-
port presents a brief overview of the significant contributions made to the
understanding of the dynamics of the earth's upper atmosphere, including
the addition of winds and diffusion to the semi-empirical Global Reference
Atmospheric Model developed for the design phase of the Space Shuttle,
reviews of turbulence in the lower thermosphere, the dynamics of the equa-

torial mesopause, and stratospheric warming effects on mesopause level

dynamics, and the relevance of these studies to the proposed Middie Atmo-
sphere Program (1982-85). The report ends with a chronological bibliography,

including abstracts, of all papers published under this grant.
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CHAPTER 1

Overview

In the early sixties, the foremost technique for the measurement of
wind profiles in the lower thermosphere was the rocket released chemical
vapor trail. The early work performed under this grant consisted of the
development of techniques for the accurate measurement of trail position
with time (based on triangulation against the stellar b&ckground from two
or more ground based camera sites), and lead to the determination of wind
and wind shear profiles, gravity wave and turbulence spectra, and represent-
ative turbopause heights. In the mid and late sixties, better models ex-
plaining the turbulence observed evolved, supported by concurrent interpre-
tation of wind shears in the 80 to 100 kilometer height range, measured by
the multi-=station meteor wind radar technique. The cascade of energy from
the diurnal tide to gravity waves to turbulence was proposed at this time,
and subsequently verified by others.

Work on turbulence in the lower thermosphere continued through the %‘: ;
early seventies, culminating in the review presented here as Chapter III.

Also during the early seventies, the space shuttle reentry model atmo-
shpere, and its extension to a wind and diffusion model, were developed.
This Global Reference Atmospheric Model (GRAM) is available on magnetic
tape, and has been widely used both within and outside NASA. The model

describes pressure, density, temperature and winds as monthly means and

variances (details in Chapter II).
Funds from this grant have been used in support of the analysis and

interpretation of winds from the Georgia Tech Radio Meteor Wind Facility.




VThis is the only continuously operating meteor wind radar in the world which
produces height/time profiles of winds in the 80 to 100 km height range (a
sample of the prevailing winds, 2onal and meridional, for the pericd August
'74 - August '75 is presented as Figure 6 in Chapter VII, paper b). |

Mesospheric and lower thermospheric dynamics have been investigated
(Chapter 1V), and more recently, in cooperation with the French National
Center for Telecommunications Studies (CNET), the dynamics of the equatorial
mesopause (Chapter V).

Of particular interest to meteorologists and aeronomers in recent years
has been the delineatien of the coupling between various height ranges
within the atmosphere. One obvious source of this coupling is to be found
in random internal atmospheric gravity waves. Their contribution to vertical
mixing in the stratosphere and mesosphere has been investigated, and is de-
tailed in Chapter VI.

More recently, the effects of winter polar stratospheric warmings on
the circulation at midlatitude mesopause levels has been studied, and pre-
lTiminary results of this inyegtigation are presented in Chapter VII.

This report would be incomplete without a reference to MAP - the Middle

Atmosphere Program, scheduled for 1982-85, which is discussed in Chapter VIII.

Finally, and probably wost importantly, a bibliography of all publica-

tions produced under this grant, together with abstracts, is appended.

i
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CHAPTER I1I
The Global Reference Atmospheric Model

Although the Global Reference Atmospheric Model (GRAM) was developed
as a thermodynamic variable model in support of the design phase of the
Space Shuttle by a grant from NASA Huntsville, part of its subsequent evo-
Tution into a wind and diffusion mods? was supported under this grant.

GRAM is a computer program, available on magnetic tape, which combines
the 4-D model of Spiegler and Fowler (1972) (0-25 km), a development of the
Graves (1971) model (for the region between 30 and 90 km), and the Jacchia
(1970) model (115-700 km). Smooth transitions between these models are
accomplished with a fairing technique (90-115 km) and an interpolation
scheme (25-30 km).

In addition to monthly mean values of pressure, density, temperature
and winds, two types of perturbation are evaluated: quasi-biennial (QBO)
and random. For further details of this model, see "A Global Reference
Atmospheric Model for Surféce to Orbital Altitudes" by C. G. Justus, R. G.
Roper, Arthur Woodrum and 0. E. Smith, Journal of Applied Meteorology, 15,
3-9, 1976.
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CHAPTER III

Turbulence in the Lower Thermosphere

(Chapter 7 of "The Upper Atmosphere and Magnetosphere,” published by
the Geophysics Research Board of the National Academy of Sciences, Washington,

D.C., 1977).
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Turbulence in the
Lower Thernmsphere

ROBERT G. ROFER

Georgia Institute of Technology

7.1 PROLOGUE

A static, or motionless, atmosphere can be adequately
described on a macroscopic scalz by three parameters;
pressure, temperature, and composition. If the atmo-
sphere were macroscopically motionless for a sufficiently
long time (its molecules in purely random motion), one
would find a decrease in mean molecular weight with
altitude, the lighter species having svparated from the
heavier species by the process of molecular diffusion.
Such a process is not observed in the earth’s atmosphere
until one reaches an altitude of from 100 to 110 km; up to
this altitude the mean molecular weight remains approx-
imately constant. This comes about because the earth’s
atmosphere is not motionless on a macroscopic scale but
is_continually mixes by atmospheric turbulence and
large- .cale circulation, The beginning of diffusive separa-
tion at 100-110 km does not mean that there are no winds
to cause turbulence and mixing above these altitudes but
rather that at such low densities molecular diffusion rates
are much greater than the wind-induced mixing rates.

This chapter concentrates on the region known as the
lower thermosphere, between the mesopause at approxi-
mately 80 km, where the atmosphere is always mixed, and
the altitude of 130 km, where diffusive separation is
always observed.

Cur knowledge of mixing pracesses in the upper at-
mosphere has been accumulated mostly in the years since
World War 11, While the lower thermosphere has been
probed for decades using radio techniques, detailed
knowledge of ite structure has only come with the use of
rocket soundings.

Before considering the techniques of measurement of
mixing processes in the upper atmosphere and the inter-
pretation of those me: ments, a definition of “mixing
process” is appropriate, On a global scale, the atmosphere
can be said to be mixed by the transport of constituents
from one location to another by large-scale wind systems.
‘This mixing is important. Here, however, we will concern
ourselves with more localized mixing, usually brought
about in the free atmosphere by shears in the wind system
and called atmosphesic turbulence. A turbulent atmo-
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sphere s mined at rates often hundreds or more times
faster than its molecules van diffuse by means of their
thermal motions, and thus turbulence can be very effecs
tive in maintaining homogeneity in an atmosphere com-
pused of several molecular species; hence the term
“homosphere” is often applied to describe the homoge-
neous atmosphere, with the heterosphere above. The
level at which turbulent mixing ceases to be effective
is sometimes refersed to as the homopause, but here we
will use the term turbopause

In addition (> mixing the atmosphure, lacally intensive
turbulence also cpuses Jocal heating, Turbulence is dis-
sipative, extracting energy from the total flow and trans-
ferring it by a cascading process to scales so smal! that the
random motion of the molecules, which determines the
temperature, is increased. Thus turbulence in the lower
thermosphere i important brcause its intensity affects
both the relative concentrations of constituents of the
thenmosphere and the heat budget in the lower thermo-
sphere. The source of the turbulent energy resides ulti-
mately in the lower atmosphere, and this energy is trans.
ferred to the thermosphere by the upward propagation of
internal atmospheric gravity waves and tidsl winds (see
Chapters 8 and 09),

7.2 INTRODUCTION

In the parlance of junospheric physicists, the lower ther-
mosphere is known as the E region. The E region has
been probed from the ground almost since the inception
of radio, In particular, irregularities in the structure of the
ionization that produces reflections of radio waves at this
altitude have been observed for decades, Because these
{rregularities could be observed only through reflection
from the continually changing ambient ionization imbed-
ded in the neutral atmosphere, their interpretation in
terms of the turbulent structure of the neutral atmosphere
was highly speculative. However, in the early 1950, a
technique was devised that enabled the characteristics of
the neutral atmosphere to be determined by direct ohser-
vation of relatively well understood radio reflectors—the
fonized trails fonned by meteorites entering the earth's
atmosphere,

Measurements of the radio-frequency Doppler shifts
produced as meteor trails were blown along by the neu-
tral winds between 80 and 100 km (the altitude range over
which most meteorites bum up in the earth’s atmosphere)
were, and still are, used to provide knowledge of the
neutral wind and its variation in both height and time. At
the same time, considerable progress was being made by
svientists working in the analysis and interpretation of
atmospheric turbulence in the troposphere. The interpre-
tation was assisted in no small measure by the progress
made in turbulence theory, in particular by Batchelor's
(1933) Theory of Homogenevus Turbulence. After thiz
theory was applied successfully to the explanation of the
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topospheric scattering of veny-high-frequency radic
waves, Booker and Cohen (1456) attempted ta explain the
fading ohserved on long-duration meteor echoes in terms
of turbulence in the newtral atmosphere at E-region al-
titudes. From their data, they deduced that encrgy was
extracted from the largesscale wind motions at meteor
altitndes and dissipated ot a rate « = 25 Wikg. While the
underlying theory was sound, their paper was attacked on
the basis of their interpretation of the echo-fading pro-
cess,

In the late 1950's, the chemical-release rocket tech-
nigue was perfected and used to introduce o visible
tracer, initially sodium, into the atmosphere over the
altitude range 80 to 200 km. Such a release, made at
twilight while the trail was illuminated by sunlight and
the ground was in darkness, could be photographed from
several camera sites on the ground, and a time series of
exposures recorded simultaneously could be used for
trisngulation of the release, thus detesmining its motion
with time, Winds could be determined for as long as the
trafl remainied visible, sometimes for as long as 15 min.
Since the early 1960’5, trimethy] aluminum (TMA), which
reacts with atomic oaygen in the ambient atmosphere to
produce products that not only scatter sunlight but-also
glow in the dark (making nighttime as well as twilight
measurements possible), has been used in addition to
sodium. For daylight releases in particular, lithium has
been used.

One outstanding feature of these trails is the fact that
below an altitude of some 105 km the release §s “abvi-
ously turbulent,” whereas above that altitude the trail
expands smoothly, as it should under the action of
molecular diffusion alone. Considerable controversy still
exists over the interpretation of data from rocket-released
vapor trails as evidence for turbulence of the ambient
atmosphere, Some interpretations of sodium vapor trails,
for example, have led to anomalous results that are
thought to be related to the energetics of the thennite
burn used to produce the sodium vapor. However, in-
terpretation of the breakup of vapor trails below what has
become known as the turbopause is not the only evidence
for the existence of turbulence at these altitudes, Theoret-
ical studies of the atmospheric heat budget in the high
atmosphere by Johnson and Gottlich (1970), for example,
require vertical diffusivities below the turbopause that
are much larger than molecular. Caleulations of the dif-
fusivities responsible for the measured constituents
above the turbopause also require similar values of dif-
fusivity below the turbopause; composition mea-
surements made using rocketbormne mass spectrometers
show the level of diffusive separation to be considerably
higher than would be the case in a nonturbulent atmo-
sphere. Further, a completely different class of mea-
surements, based on the shearing of radio meteor trails by
the winds in the 80- to. 100-km region rather than the
fading of individual meteor echoes, yields values consis-
tent with those deduced from vaportrail observations.
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Tarbulence in the Lower Thermosphere

7.3 THE INTERPRETATION OF
MEASUREMENTS

1s it possible for rocket-wake effects and chemical energy
: released by contaminunts (from the thenmite canister) to
e influence the subsequent dispersion? Certainly. Such
effects have been documented, For encrgetic releases
such as rocket exhansts or large quantities of explosive,
the “release phase” at thermospheric altitudes lasts only
for some 10 sec or less. Figures 7.1 and 7.2 show an
excellent example of a release phase anomaly in 8 TMA
trail, as photographed by the Smithsonian Institution's
Baker-Nunn camera at Woomera, Australia (31° S), Figure
: 7.1 shows a portion of the trail 2 sec after selease in the
100- to 110-km height Yange; vontex: shedding on the
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FIGURE 7.1 Portion of a trimethy! aluminum trail showing a
release phase instability with vortex shedding on the right-hand
edge 2 sec after release st 103 km.

b

Lty

FICURE 7.2 Same & for Figure 7.1, but 6 sec after relesse,
Note that the rel phase instability has been damped out.

el

right-hand side of the trail is clearly visible. In Figure 7.2,
a frame taken 4 sec later, the effects of this motion have
disappeared. The subsequent breakup of the trail, with
the production of the characteristic “‘obviously turbulent”
appearance, did not occur until some 30 sec later, as
fllustrated in the isodensitrace montages of Figure 7.3,

These unique Baker-Nunn photographs are an example of e 3 :

the rewards of international cooperation. The Smithso-

nian Institution for many years operated a worldwide

network of Buker-Nuan cameras for the photographic de- .

termination of satellite positions. Relationships between

the satellite station staff and the Australian and British

rocket experimenters at ‘Woomera were such that the

Baker-Nunn. camera would be used to photograph. the

rocket releases when such use did not interfere with the

primary mission of the observatory. &
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t = +5 sec. 430 sec,

after reltase

The kink is at an sltitude of 102,7 km.

+50 sec,

1 km,

FIGURL 7.3 Tlme histary of a portion of the trai) of Figure 7.2 shawing the initial laminar behavior and subsequent
{esrd, b’

bient atmospheric turbulence, Q

itative meas

: "

of dispersion can be made from the

lmdonsimw wntours, The kink is at an altitude of 102.7 ki, Note that the trail is laminar at +30 sec and that the érai)
diameter at this time is greater than the scale of the eddies at +50 sec,

The abrupt cutoff in ambient turbulence (the tur-
bopause), which almost always underlies a region of high
wind shear, is illustrated in F igure 74. That the break.
down from “obviously laminar” to “obviously turbulent”
represents a dramatic change, msa!y recognized by visual
inspection of the film, is shown in Figure 7.5, in which
the square of the effective radius of the trail is plotted
against time after release at 105 km. The growth in the
sirst few secands after release is an order of magnitude
faster than the subsequent growth up to the time of trail
breakup, and this i5 regarded as representing the release
phase, in which the energetics are definitely nonambient.
The growth hetween 8 and 32 soc after release could be
molecular diffusion of a cloud with an initial radius of 130
m, i.e., the release produced a cloud with, effectively, this

radius at zero time, However, one can only say that the
growth during this phase could be molecular—the 15
percent error in the determination of the effective radius
from each film frame, and the fact that the trajl cross
section is only approximately Gaussian, precludes a mea-
surement of the diffusion coefficient to better than a factor
of 3. The spreading due to turbulence commences 33 sec
after release and then proceeds to follow the dispersion
lrelntion predicted by the theory of homogeneous turbu-
ence:

rdat’,

until, at 54 sec, the trail becomes too imegular for an
estimate of radius based on a Gaussian distribution to be

st
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t= 40 +7 +23 o2

Paints A and B ore at 106 and 108 km altitude respectively,

1 2 3am,

FIGURE 74  Muntage of the behavior of the trail above and below the turbopause. Points 4 and B are at 106 and 108 km, respectively.
Note the transition from laminar to turbulent at A bety +23 and- +61 sec. This has not accurred at B.

meaningful. However, Figure 7.5 does provide two pa-
rameters: the effective radius at transition and its time of
ovcurrence after release, which should characterize the
small-scale end of the turbulence spectrum. The concept
is that until the trail spreads to a size equal to that of the
smillest scale eddies, it is distorted but not spread by the
eddics. Thus the scale size at transition 1s interpreted as
indicating the size of the smallest eddies,

The most important parameter of any turbulence spec-
trum is ¢, the rate of dissipation of turbulent energy. In
order to calculate ¢ from any set of space-time correla-
tions, it is necessary to use-a model, The simplest is that of
A. Kolmogoroff, as claborated on by Batchelor. Kel-
mogoraoff put forward the hypothesis that, in any turbulent
flow ficld in which energy is extracted from the large-
scale or mean motion and cascaded to smaller scales
before eventual dissipation at scales where molecular
viscosity becomes important, there exists a range of scales
sufficiently removed from the large-scale anisotropic ed-
dies, and vet not appreciably damped by molecular vis-
cosity, that is both homogeneous and isotropic. The as-
sumptions of homogeneity and isotropy inherent in this
madel are open to question in the case of lower thermo-
spheric turbulence, but a considerable amount of work by
several experimenters has shown these assumptions to be
reasonabie, at Jeast for length scales less than 1 km.,

Batchelor defines the basic length parameter of the
viscous region (that is, the size of the small-scale eddies

10

that are responsible for the conversion of the eddy kinetic
energy to heat) as

n = (vVe)",
where vis the kinematic viscosity (a measure of molecular

diffusivity), and v is the scale size in metersfradian (thus
the characteristic wavelength of these turbulent eddies s
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FIGURE 7.5 Variation of the square of the radius of the trail of
Figure 7,1 with time after release at 105 km.
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FIGURE 7.6 Profiles of the rate of dissipation of turbulent
energy deduced from wind shears measured for 25 trails over
Wallops Island (368° N) by Roper (1966b) and from the dispersion
uf & rimilar nuimber of tails over Eglin Alr Force Base (20° N) by
Justus {1067), The upper scale gives 8 measuse of the atmo
spheric heating resulting from tushulent dissipation.

2:m), Batchelor also defines a ¢ haracteristic time constant
¢* corresponding to this unit length scale such that

n = (pre)a,
t* i5 the lifetime of the smallest eddies, essentially the
time required for their dissipation by malecular viscosity.
Combining these two equations to eliminate v yields
t* = (ve)'?,
In tenns of the length scale v,
cx g
In terms of the time scale ¢°,
€ x ot
Wind shears have been used to calculate the variation
with height of the rate of dissipation of turbulent energy

(Roper, 1066b). The kinematic viscosity v may be deter-
mined from the viscosity and density published in the

11
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U.S. Standard Atmosphere Supplements for 1966, The
function

v (m?® se¢™') = exp {017 (z - 80.0)},

with z in kilometers, fits the data at the tabulated al-
titudes, The ¢ profile detenmined in this way is shown in
Figure 7.6, together with the profile inferred from mica-
surements made by Justus (1967), calculated from the
velocity fluctuations observed on 18 TMA trails. These
values of € and ¢ have been coupled to produce what can
be regarded as average height-dependent characteristic
length scales 9 (= 2 7, in order to express the length
stale in the more usual wavelength notation, meters/
eycle). uy and 1° are plotted, together with values caleu.
lated from Justus’s ¢ profile, in Figures 7.7 and 7.8,
respectively, Also plotted are the values detenmined from
two Skylarkereleased T™MA trails photographed by the
Baker-Nunn camera at Woomers at dawn and dusk on
May 31, 1968.

The similarity in form, and the order of agreement,
between the predicted “average” trail time constants 1,°
andt,* (Roper's und Justus’s values, respectively) and the

. measured values for each of the two releases is surpris-

ingly good when one considers the approximations in-
volved in (a) the model atmosphere viscosity, which is
based on an average atmospheric model; (b) the variation,
hoth diumnal and seasonal, in the turhnlent dissipation
rate, which has been averaged out in the construction of
the #,* and ¢,* profiles; and (¢) the fact that, while the
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microscales v, and n, inferred fiom the turbulent dissipation
profiles of Figure 7.6, Also shown are the microscales inferred
from the May 1968 trails, r,* is_the Gaussian radius of the
evening trail et the time of onset of trail breakup, t*.
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FIGURE 7.8 The variation with altitude of the ime constant of
the Kolinogorofl microscale for the « profiles of Figure 7.6-and
the May 1968 trails,

parameter ¢° appears to be o measure of the time taken for
trail breakup to occur, it is not clear why it should be,
The definition of n is a mathematical eapedient characs
terizing the scale size for turbulence at which viscous
dissipation becomes important, There is no obvious rea-
sun why cither 5 or ¢° should be physically measurable
featuyi of the motion, Nevertheless, the close similarity
in the shapes of the t* curves strongly indicates that the
time delay in the onset of turbulence should be related to
the time constant of the Kolmogoroff microscale, Fur-
thermore, these observations suggest o reason why the
nurbopause, defined as the boundary between the regions
that break up. and those that remain laminas, should
manifest itself so abruptly. Above 105 km, the time con-
stant t* for the onset of turbulence inereases so rapidly
with altitude that the trail is not, in general, observed fora
sufficient length of time for visible breakup to occur:
Attempts have been made to explain the existence of
the turbopause in terms of a critical value of some paran-
eter, generally the Reyaolds number R, or the Richardson
number R,. These attempts have met with marginal suc-
cess at best, partly because of the difficulty in defining
the characteristic lengths that occur in these parameters
and partly because it is not evident @ priori what eritical
valae the parameter should have at the turtopause. With-
out a-detailed knowledge of the temperatare gradient at
the scale characteristic of the vertical mixing process (a
few hundred meters or less), the Richardson number just
cannot be specified, Johnson (1075) has considered the
relative importance of buoyancy and dissipation in some
detail, referring particularly to the work of J. D, Woods,
who determined that. there was hysteresis in the
criterion—laminar flows become turbulent when Rs

12

0.25, while turbulent flows become laminar when R, 21,
While the mean (undisturbed) atmospherie temperature
profile is pertinent to the breakdown from laminar to
turtbulent flow, once tushulence is established its cessae
tion will depend on the temperature gracient as modified
by the tushulence, As yet, there is no technigue available
for measuring such temperature gradients in the lower
thermosphere.

Another error that has often been made in attempiting to
explain turbulence in the Jower thermosphere is the as.
sumption that the turhopause corresponds to an altitude
at which turbulence censes abruptly, The results pre-
sented here, on the contrary, show that the turbopause is
the altitude ot which the time constant of the Kolinogoroff
microscale of the tutbulence increases very rapidly with
altitude, This viewpoint resolves the paradox that regions
above the tuthopause, which were thought of as nontur-
bulent, have diffusion coofficients based on the measured
laminar trail growth thut are greater than moleculas. We
naw see that turhulence does exist above the turhopause
but that its efficacy in transport relative to moleculas
diffusion decreases with altitude. At an altitude of 130
km, the contribution of turbulence to diffusivity is insig-
nificant, even though its ubsolute value may be as large as
it is at the turbopause,

The rate of dissipation of tusbulent energy may also be
calculated from n, the length scale at which eddy diffu-
sion becomes effective, However, since this length de-
pends critically on the shape of the cloud (the assumed
Gaussian variation acrass the clond is rarely realized in
practice below the turbopause) aiid because ¢ @ 94, Rees
et al, (1972) chose to use the relatively precisely deters
mined £* values to calculate the variation of € with height,
This is shown for a pair of dawn and dusk releases above
Woomera (30° §) on May 31, 1968, in Figure 7.9. Note that
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the trbopanse is higher in the evening thun in the
morning and that the higher turbopanse is assoviated with
o greater overall turbulent intensity. This substantiates
the suggestion of a variation in midlatitude turbopause
height made by Elord and Roper (1987), which was
based on sensona) variations in turbulent intensity at 93
km as determined from the wind shear messured simul-
taneausly on individual radio meteor trails,

The results from two further TVA releases made above
Woomera at dawn on Oitobey 16 and dusk on October 17,
1969, are presented in Figure 7,10, For this pair of trails,
the tushulent intensity is higher in the morning than in
the evening—opposite to the May 1968 releases. This
diumnal variation with season is the same as that measured
for the large-scale turbulent velocity component from
radio meteor winds at Adelaide (35°S). These October
releases are of particular interest in that they show alter.
nating laminar and turbulent regions similar to those
previously reported by Blamont .and Barat (1967), The
various lavers observed in these releases do not seem to
be quite so simply related to the wind profile as those of
Blamont and Barat. However, the regions of prolonged
laminar behavior all seem to be lovated at altitudes where
the wind shear is high,

In an attempt to explain why tutbulence in the lower
thermusphere should be stratificd at times, and why in
fact an ostensibly highly stable region of the earth's at-
mosphiere should be turbulent at all, Lloyd et al. (1972)
proposed a madel in which random intemal gravity waves
produce turbulence accompanied by a considerable mod-
ification of the temperature profile, The creation of tem-
perature inversions by turbulence is commonplace in the
troposphere, 1t is proposed that a similar effect oceurs in
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FIGURE 7.10 . Same as for Figure 7.9 but for the releases of
October 1868, Note the presence of turhulent “sheets” altemat-
ing with laminar layers. Diurnally averaged dissipation rates for
the month of October 1961 (Elford and Roper, 1967) and October
1064 (McAvaney, 1970) as m¢ { by the radi teor tech-

nigue at Adelaide (35° S) are shown for comparison.
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the more stable lower thenmosphere, with punt of the
vertical component of the gravity-wave velocity as the
sourceof the turbulent envigy, If random, intemal gravity
waves propagate at a significant angle to the vertical, then
their vertical velovity component will be able to contri
bute to the destabilization of the stably stratified lower
thermosphese (Hadges, 1967), Similar destabilization
mechanisms have been discussed for the oceons by Phi)-
lips (1871) and for the lower stratosphere by Roach (1870)
Radio meteor studies have already established that gray.
ity waves are the source of the turbulent energy in the
lower thermosphere. This has been confirmed quite in-
dependently in radio-meteor studies by Spizzichino
(1972) and by Blamont and Barat (1867) through observa-
tions of chemical releases.

The lower thermosphere is stabilized ageinst vertical
motion by the mean temperature gradient; above the
mesopause near 80 km the mean temperature increases
with height, By equating the work done in the vertical
displacement of a parcel of gas to the fraction of the
vertical component of the gravity-wave spectrum that is
responsible for the measured turbulence spectrum, Lloyd
et al. deduced the modification of the mean temperature
profile that would be produced by the turbulence mea-
sured on the October 16 trail in the height range 104 to
110 km- An isodensitrace montage of this portion of the
trail is siiown in Figure 7.11. The choice of the turbuient
layers within which the analysis can be applied is some-
what subjective, being based on regions where growth is
“obviously” different from that above and below.

The solid lines of Figure 7.12 show the results of the
application of the Lloyd et al. model to each of the layers
delineated in Figure 7.11, The dashed lines are necessary
for profile continuity and must represent laminar sheets.
Because of the discontinuous nature of the determination
of the modified profile and the forced fitting of the mid-
point temperatures, the magnitudes of the positive and
negative gradients are open to question. However, it is
interesting to note that the existence of similar gradients
in the lower stratosphere, a region of similar mcan-
temperature gradient, is well documented from aircraft
observations, as can be seen from the project HICAT de-
termination shown in Figure 7,13 from Mitchell and Pro-
phet (1969), Unfortunately, the flight of an aircraft at
constant altitude cannot reveal a height profile of turbu-
lence, but at least in the encounter with cAT (clear air
turbulence) at 21 km, the temperatuse profile has been
modified in a manner consistent with the present model,

Several deficiencies exist in the model, since the finite
time constants of the processes involved (the period of the
destabilizing gravity wave, for example) have not been
considered. The basic energy-budget equation can be
made more general by the inclusion of terms describing
energy sinks (e.g. heat conduction). One promising
madel being developed uses the reversible heating as-
soviated with propagating gravity waves (Hines. 1965) as
the initial destabilizing energy. Even with this criticism,
the above semiempirical approach allows deduction of
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FICURE 7.11 Isodensitrace of portion of the moming trail of

October 16, 1969, 50 sec after release, showing the division into
laminar and turbulent layers, Altitudes are shown in kil

many reasonable propersties of the atmosphere. In particu-
lar, the model counters the objections raised to the exis-
tence of turbulence in what ostensibly is a highly stable
region; the presence of turbulence itself tends to de-
stabjlization by madification of the temperature profile,
Up to this point, major emphasis has been placed on the
fundamental parameter ¢, the rate of dissipation of tusbu.
lent energy. There is an equally important although not so
easily defined parameter, K, the coefficient of turbulent
eddy diffusion in the vertical, which is the transport
parameter incorporated in all one-dimensional models of
the chemistry and constituents of the lower thermo-
sphere. For some time, there was considerable discrep-
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FIGURE 7.12 Theoretical moming temperature structure de-
duced from the profile of Figure 7.11.

ancy between the diffusion coefficients calculated from
the growth of rocket-released tracers and those inferred
from measurements of diffusive separation and atmo-
spheric heat-budget calculations, With the discovery that
the turbulence responsible for the enhanced diffusivity of
chemical releases in the lower thermosphere was highly
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FIGURE 7:13 An example of temperature structure in the
lower stratosphere (Mitchell and Prophet, 1969),
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FIGURE 7.4 Thetutbulent vertival eddy-diffusion coefficient
profiles deduced from the structuse on the October 1969 re-
leases, 4 indicates the coeflicient deduced from simultaneous
radio-meteor observations at Adelaide (35° S), approximately 450
km southeast of Woomera,

anisotropic with horizontal scales ten times those of the
vertical, this discrepancy was readily explained, Since the
time constant ¢* for the observed onset of turbulence as
used by Rees et al. (1972) is characteristic of the small-
scale, isotropic turbulence spectrum, Lloyd ef al. (1972)
used the e values thus detérmined to estimate the vertical
diffusion coefficient. By an extension of their temperature
profile modification model, they equated the vertical de-
stabilizing influence of the turbulence to the stabilizing
influence of the mean-temperature profile to obtain a
vertical diffusion coefficient

K, pe

~ L Td,
g (49T
To(dz +r>

where g is the acceleration due to gravity, T, is the
temperature at altitude z, dTo/dz is the undisturbed mean
temperature gradient, and T is the adiabatic temperature
lapse rate, 9 K/km. The above relationship is based on the
fact that as long as the vertical temperature gradient
temains greater than the adiabatic, there is an inhibition
of vertical transpost by vertical motion. It is interesting to
compare this relationship with that determined independ-
ently by Lilly et al. (1973) for the lower stratosphere.
The constant 8 above was detennined from turbulence
theory to be 10. Lilly arrived at the value of 1/3! This
discrepancy is not so serious as. it appears at first sight,
since Lilly’s temperatures and temperature gradients
were the measured values, Jeading to a considerably
smaller denominator than that produced by the use of the
undisturbed mean temperature and gradient values by

ROBERT G. ROPER

Lloyd ¢t al. The variation of K, with height for the
October 1989 seleases is shown in Figure 7.14. The
theoretically deduced upper limit for eddy diffusion,
based on the heat flux model of Johnson and Gottlieh
(1970), is shown for comparison, Note that the maximum
value of eddy diffusivity estimated by Johnson and
Gottlich is the integrated global maximum averaged over
all seasons and can be exceeded by a particular measure-
ment if there is any temporal, latitudinal, diurmal, or
seasonal variation. Note also that all the turbulent inten-
sity and diffusivity profiles presented here reflect the
apparent sharp cutoff in turbulence as observed on chem-
ical trails, With the time constant in onset of turbulence
increasing so rapidly at and above the turbopause, most
trails are not ohservable long enough for breakup to
occur. However, observed diffusivities between the tur-
bopause and approximately 130 km are usunlly greater
than molecular, in agreement with the Johnson and
Cottlicb calculations.

The only two sets of data so far produced that are
amenable to analysis in terms of month-by-month varia-
tion of € or K, were determined from mieteor trail shear
measurements made at Adclaide (35° §) by Roper (1966a)
and McAvaney (1870). The variation of the monthly mean
K, at 93 km is shown in Figure 7.15. Also plotted in this
figure are the results deduced from a far more rigorous
treatment of the 1961 ¢ data by Zimmerman; some mod-
ifications of absolute values is evident, but the overall
variation, with equinoctial maxima, remains. There is a
real difference between the 1961 and the 1969 data that is
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FIGURE 7.15 The southern hemisphere midlatitude variation
of vertical eddy diffusivity deduced from two years of radio-
meteor wind-shear observations, Zimmerman's values result
from & more rigorous analysis of the same 196) data.
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Turbulence in the Lower Thermosphere

not one of location, interpretation, or technigue, The
higher values measured in 1969 may be a consequence of
the higher solar activity that year,

7.4 SOURCES OF TURBULENCE ENERGY

The fuct that random internal gravity waves are the source
of the turbulence energy in the lower thermusphere has
already been mentioned. While this subject is covered in
mote detail in Chapter 8, one further correlation is perti-
nent to this discussion. In looking for possible sources of
turbulence in the meteor region, comparisons were made
with the magnitudes of the prevailing and tidal winds and
shears as me d simulta ly by the radio-metecr
method, While no apparent relationship existed between
the turbulence parameters and . the - prevailing and
semidiumal winds, the seasonal variation of the amplitude
of the diurnal oscillation was highly correlated with the
turbulent intensity. The monthly means of the amplitude
of the diumal tide for several years of observation are
shown in Figure 7,16. Note that equinactial maxima in
the diumnal tidal wind amplitude are not observed in all
years and, therefore, that the measured variation in turbue
fent intensity may not be characteristic of all years.

The global-scale diumal tidal wind does not produce
turbulence directly but by a cascade process in which the
tidal wind becomes unstable and generates in situ a
spectrum of random internal gravity waves. This instabil-
ity in the diumal tidal wind may come about either
because its amplitude becomes large or because of non-
linear interactions with gravity waves generated below
and propagating upward through the lower thermo-
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sphere, Such gravity waves propagating from below can
themselves be a direct source of turbulent energy. Thus
the dominant feature of turbulence in the lower themo-
sphere, even if it is present at all times, will be the
intermittency of its intensity, Little is known of the role
played by largesscale motions such as planetary waves in
the stability of this region of the atmosphere, In fact, since
practically all measurements of turbulent intensity have
been made at middle latitudes, the properties of the
global turbopause and the influence of the turbopause on,
for example, the hemispherical asymmetries in minor
constituents measured globally at satellite altitudes can
hardly be estimated at this juncture, Qur knowledge of
the temperature structure of the turbopause region at
scales less thun 1 km, which is erucial to the understand-
ing of turbulence and diffusivity, is woefully inadequate:,
Present measurement techniques are guite incapable of
producing such detai] at these altitudes,

In addition to the madifications to the temperature
profile already discussed, the dissipation of turbulent
energy produces heating of the ambient atmosphere, For
the mixed atmosphere of mean molecular weight 29, a
rate of turbulent dissipation ¢ of 1 W/kg produces heating
at a rate of 85 K per day. The top scale of Figure 7.6 gives
the heating rates appropriate to the inferred turbulent
dissipation rates, In the light of the considerable variabil-
ity indicated by the m ments p ted here, even
more emphasis must be given to the rate of dynamical
heating of the lower thermosphere, as proposed by Hines
(1965). The dissipatior: of wind energy at these altitudes
may, at times, give rise to local heating rates in excess of
those due to the solar input, which has usually been
considered to be the major source of heating in this
region. The relative importance of turhulence. in mixing
and dynamical heating has been summarized by Johnson
(1975).

7.5 CONCLUSIONS

While the turbulence in the lower thermosphere is iso-
tropic to scales of a few hundred meters, the transition
from turbulence to the nondissipative scales of the
gravity-wave spectrum is gradual, and therefore horizon-
tal diffusivity §s greater than vertical diffusivity. Based on
diffusivity criteria alone, one would say that the turbu-
lence is anisotropic, with a vertical scale of the order of 1
km and a horizontal scale of a few kilometers, The turbu-
lent intensity is intermittent in both space and time, with
large diumal and significant seasonal and possible solas-
cycle variations. For this reason alone, it is essential that
simultancously measured in situ values of atmospheric
parameters be used in any attempt at meaningful com-
parisons. Since practically all measurements of tur-
bopause altitude and turbulent intensity have been made
at middle latitudes, and those low and high latitude
measurements that have been made have not been caor-
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dinated with simultancous observations elsewhere, varia-
tions with latitude are largely unknown. However, it has
been established by rocketgrenade and falling-sphere:
measurements that the winter polar mesopause is warmer
than that at the summer pole and that in the absence of
solar input a significant atmospheric dynamical heating
source is responsible. As has been shown, the turbulent
dissipation of wind energy in the 90- to 125-km height
range is significant and should therefore be included in
any madel of the thermospheric heat budget,

While knowledge of the vertical diffusivity in the lower
thermosphere is vital to the understanding and modeling
of thermospheric constituents, the role played by the
global turbopause in the dynamics of the thermosphere
has yet to be determined, High-resolution photography,
with a frame rate of at least one every 2 sec, js able to
produce data on turbulent intensities and vertical dnf-
fusivities from rocket vapor trails, but such measure

ROBERT G. ROPER

spheric and lonospheric Structure Parameter Interaction
program (MIsP1) proposed by the Soviet Union. Particular
emphasis is being placed by these programs on the en-
courngement of the Arctic, equatorial, southern hemi-
sphere, and Antarctic observations so badly needed for
global coverage,
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CHAPTER IV
Mesospheric and Lower Thermospheric Dynamics
by

R. G. Roper
School of Geophysical Sciences
Georgia Institute of Technology
Atlanta, Georgia 30332 U.S.A.

INTRODUCTION

The region between 60 and 85 km altitude (the mesosphere) has often
been referred to as the "ignorosphere," in that it is above the heights
sounded by conventional meteorological rockets, and below the E region,
which has been monitored for decades using radio techniques.

The advent of the rocket released vapor trail in the late 1950's did
little to increase our knowledge of the mesozphere, in that these sodium
vapor and trimethyl aluminum releases were concentrated in the 85 to 240 km
altitude range, with the exception of a few titanium tetrachloride releases
in the mesosphere.

Since the early 1950's, a considerable amount of data on neutral atmo-
sphere motions in the height range 80 to 100 km has come from the meteor
radar technique. However, with the notable exception of those stations
operated by the Hydrometeorological Service of the U.S.S.R. (which, unfor-
tunately do not routinely measure height, but consider all echoes as coming
from a mean echo height near 95 km), the continuous operation needed to
infer the synoptic meteorology of the region has been rare. The only attempt
at such operation producing height/time profiles of winds between 80 and
100 km has been carred out at Atlanta (34°N, 84°W), and winds from August
1974 through December 1977 have been published by Roper (1978). While

these results are va1Uab1e, being from a single station they provide only
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~a crude insight into the synoptic meteorology of the meteor region.

PREVAILING WINDS

While considerable variability exists in the metenr winds measured by
various groups, global circulation systems with seasenal variability, re-
producing year after year, have been found. Analysis of several years
northern hemisphere radio meteor wind data by Minina, et al., 1977, and
I1lichev and Portnyagin, 1977, shows that the pressure field at meteor
heights in winter is similar to the baric profile of the underlying atmo-
sphere, During the summer, however, the lower thermosphere differs consid-
erably from the baric profile of the mesosphere, stratosphere, and tropo-
sphere. In winter, at high and mid latitudes a cyclonic vortex with its
center near the pole is observed; in summer, at latitudes greater than 65°,
anticyclonic motion prevails. Cyclonic motions prevail through the year
at mid-latitudes, with anticyclonic circulations in the subtropics. On the
average, the spring reversal of the circulation in the meteor zone occurs
before that in the stratosphere-~thus continuous monitoring of mesopause
circulation can be used as a predictive tool in inferring the circulation
of the upper stratosphere.

To date, the meridional circulation, which is of comparable strength
to the zonal at meteor heiglits, has received 1ittle detailed attention.
However, there does seem to exist a global system of motion from summer to
winter pole, which agreés with the warm winter/cold summer mesopause inferred
from high latitude rocket grenade temperature soundings.

One outstanding feature of the prevailing wind motions as deduced at

mid-latitudes (see, for example, Elford, 1974) is the fact that the 85 km
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(mesopause) level is an obvious boundary between the mesospheric circulation

below, and the thermospheric circulation above.

MEAN VERTICAL MOTIONS

One of the most puzzling features of winds measured in the 80 to 100
km height range is the apparently large (meters per second) mean motion
which is inferred from both incoherent scatter and radio meteor wind obser-
vations, While the large magnitude of these winds is still in question,
the sign of these motions, at least as infirred from the quasi-continuous
observations over Atlanta, is consistent with the general circulation
(Dolas, 1979).

TIDAL WINDS

The most outstanding feature of the motions at meteor height is the
prevalence of solar tidal oscillations. On the average, more wind energy
resides in tidal motions than in the prevailing circulation in the lower
thermosphere.

While the irregularity of the diurnal tide, particularly in the north-
ern hemisphere, has hampered the investigation of this tide as a global
phenomenon, recent work by Mathews (1976) using the Arecibo Observatory in-
coherent scatter facility, and by the French with their portable meteor wind
radar at Ramey, Puerto Rico (results as yet unpublished) has shown the pres-
ence of a stable, large amplitude (~50 m/sec) diurnal tide at the equinoxes.

In the southern hemisphere (Adelaide, 35°S, 139°E), the diurnal tide
has a larger average amplitude than is found at northern hemisphere mid-
latitudes, but both phase and amplitude are highly variable in both hemi-

spheres.
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The semidiurnal tide, by comparison, exhibits relatively constant
phase, but, again, great variability in amplitude. This variability can
be explained by variations in the stratospheric/mesospheric wind fields , 5
through which the tidal energy is propagating to reach the mesopause. The |

variability has time scales related to the planetary wave time scales in

the lower atmosphere, and further understanding of these variations can only
come from long period {(purfarably continuous) observation by a network of

stations widespread in both latitude and longitude.

STRATOSPHERIC WARMINGS

It has been known for some time that the sudden warmings of the polar

stratosphere which occur during some northern hemisphere winters affect the

circulation at mesopause levels at high latitudes. More recent measurements

at mid-latitudes (Atlanta, 34°N, 84°W) have shown a direct cause/effect re-
lationship, with major stratwarms causing zonal wind reversals. There are : 1
indications from the 1imited amount of data available from the southern hemi- o

sphere that northern hemisphere winter polar stratwarms may be a global

phenomenon at the mesopause level.
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Stratospheric warmings also affect tidal amplitudes and phases, but
with a lack of coirtinuous height/time profiles available globally, reports
of such effects have been for the most part descriptive of particular loca-

tions only, and somewhat confusing in their interpretation.

MODELS

Two significant semiempirical models of stratospheric/mesospheric/

Tower thermospheric winds have emerged in the last decade. Groves (1970)

took data from 1000 rocket launches with ejected sensors, 127 rocket gre-

22




|
B
Py
v
®

®

nade experiments, and 230 experiments with rocket released vapor trails and
clouds, and constructed monthly mean zonal and meridional circulation pat-
terns. This model, together with monthly mean tropospheric data, upper air
global temperature maps, radio meteor winds, and the Jacchia thermospheric
model have been incorporated in the Global Reference Atmospheric Model of
Justus, et al. 1976. This empirical model generates latitude, longitude,
and altitude dependent monthly mean values for pressure, density, tempera-
ture and winds from surface to orbital altitudes.

Theoretical models of atmospheric tides have recently been reviewed by
Forbes and Garrett (1979). While there is a measure of agreement between
the latest theoretical models and observational data, since the tides are
a global phenomenon, questions as to standing versus travelling waves, and
latitudihal variation will not be resolved until a global network of synop-
tic measurement capability is established.

An additional problem in resolving theory and observation centers
around the variability encountered in all meteorological phenomena. The
presence of other motions besides those of primary interest, in particular,
the aliasing of tidal observational data by Tong period (planetary) waves,
and the interaction between the tides and the shorter period random internal
atmospheric gravity waves, makes a widespread, continuously operating moni-
toring network a necessity. An ideal radar for deployment is that described

by Aso, et al. (1979).

COMPATABILITY OF MEASUREMENT TECHNIQUES
While early attempts to compare winds measured by different techniques

(e.g., rocket released vapor trails, radio meteor winds, airglow drifts,
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and partial reflections radio observations) were singularly unsuccessful,
more recent comparisons, in which allowances were made for sampling differ-
ences, in particular integration intervals in both height and time, have
resolved these inconsistencies (see, for example, Felgate, ggigl.. 1975;
Geller, et al., 1976; Vincent, et al., 1977; and Hernandez and Roper, 1979),
As yet unpublished comparisons between the French meteor radar located at
Ramey, Puerto Rico, and Arecibo incoherent scatter facility, have shown
excellent agreement. One outstanding achievement at Arecibo has been the
extension of the lower limit of reliable wind determination by the incoher-
ent scatter radar down to as low as 55 km.

The radio meteor wind technique is capable of continuousiy monitoring
the dynamics of the 80 to 100 km altitude range, with a Tower 1imit of ob-
servable variation of a few hours, and a height resolution of some 2 km.
Specialized highpowered radars, such as that operated by the University of
I1inois, can monitor variability of time constant less than one hour, but
the lTogistics of iiighpowered operation preclude continuous sampling beyond
intervals of a few days. The diurnal variability of meteor influx renders
the error of wind determination greater at dusk than at dawn, but most facil-
ities achieve a sufficiently high echo rate at dusk to make these results
still statistically significant.

The partial reflections drift experiment is capable of sampling, with
a time resolution of minutes, and a height resolution of 3 km, a height
range from 60 kilometers to 110 km in daylight hours, but returns are reli-
ably received only from 90 km up at night. The incoherent scatter technique
suffers similarly from the diurnal variation of mesospheric ionization.

Rocket vapor techniques, while yielding excellent instantaneous snap-
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shots of the stratosphere/mesosphere/thermosphere (height range governed by

type of vapor released, and time of day) are prohibitively expensive if

synoptic data is required. Their dependence, together with airglow observa-
b tions, on cloud cover for observation is also a significant drawback.
: ;{ Winds can be inferred in the stratosphere, mesosphere, and Tower thermo-

sphere by application of the thermal wind equation to satellite temperature

soundings. Un,ortunately, the large tidal winds at upper mesospheric heights
and above, preclude the use of quasi-geostrophic approximations--the inference
of viable winds from satellite temperatures at these altitudes is highly

% 3‘ doubtful,

?: A further groundbased technique worthy of mention is the VHF radar
d technique (Rottger, et al., 1978). While not yet in routine operation,

these VHF radars have demonstrated the capability of measuring winds and

turbuience in the troposphere, stratosphere, and upper mesosphere.
Also, the VLF observations of Schminder and Kurschner (1979) warrant
further investigation, since they appear to provide continuous, reliable

observations of mesopause dynamics.

AVAILABILITY OF DATA

Beginning with the formation of GRMWSPM, the Global Radio Meteor Wind
Studies Project of IAGA, in 1970, followed by the URSI/IAGA Cooperative
Tidal Observations Program (CTOP), which added incoherent scatter radar ob-
servations, attempts have been made to coordinate observations (see Roper
(1979)). Some of these results were published in the August, 1978, issue
of the "Journal of Atmospheric and Terrestrial Physics."

While data is available from individual observers, as yet formats and
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analysis techniques have not been standardized, and no central depository
‘exists. The Soviet Union is moving toward having all their radio meteor
wind data available through the World Data Center in Moscow. The mechanics
of such archiving, both in the Soviet Union and elsewhere, are to be dis-
cussed at a meeting of IAGA Division V, Working Group 2 (Meteor Observator-

ies) at the IUGG Assembly in Canberra, Australia, in December 1979,
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CHAPTER V

DYNAMICS OF THE EQUATORIAL MESOPAUSE

R. G. Roper
School of Geophysical Sciences
Georgia Institute of Technology
Atlanta, Georgia 30332 U.S.A.

ABSTRACT

Until recently, our view of the neutral atmosphere dynamics of the equatorial mesopause

"has been restricted to "snapshots" resviting from either one time campaigns, or intermittent

observations. Rockets flown from Brazil, the "big gun" launches from Barbados, meteor wind
radar data from Somalia and Jamaica, and VHF radar observations from Peru, while producing
much information on the nature of motions with periods of up to a day, provided only meager
details of the synoptic seasonal meteorology of the region. More recent observations have
resulted from the extension to lower altitudes of the incoherent scatter technique at Arecibo,
the installation of a partial reflection drift station at Townsville, Australia, and the
establishment by the French of a meteor wind radar at Ramey, Puerto Rico. The incoherent
scatter and partial reflection facility operate in the "campaign" mode while the French

meteor radar is operating continuously.

Because of the Jimited amount of synoptic data available, this review concentrates on
results produced by those techniques most likely to be used for synoptic observations in the
future, However, since even these promising technigques may not be able to be used in other
than a campaign mode (for reasons ultimately financial), a rationale for their use in winter
months {on the basis that northern hemisphere winter polar stratospheric warmings are probably
a global phenomenon at mesopause altitudes) is presented.

INTRODUCTION

Many observational techniques have been
used to measure winds at mesopause heights
over the tropics - chemical trails from pro-
jectiles Taunched by the "big gun" on
Barbados (Murphy, et al., 1966?. rocket
grenades over Natal, Brazil (Groves, 1974),
radio meteor measurements over Somalia
(Babajamov, et al., 1970), and Jamaica
(Alleyne, et al., 1974, Scholefield and
Alleyne, 1975), VHF radar observations
(Woodman and Guillen, 1974), and incoherent
scatter observations (Mathews, 1976; Harper,
et al., 1980). More recently, a partial
reflection drift station has been set up at
Townsville, Australia by the Department of
Physics of the University of Adelaide
(Dr. R. A. Vincent), and a meteor radar by
the French National Center for Telecommuni~
cations Studies (Dr. M, Glass) at Ramey,
Puerto Rico. The various techniques have
been reviéwed most recently by Woodman
(1977) and Evans (1978).

Woodman places particular emphasis on
equaterial measurements and the need for
more observational data. His paper at this
meeting concentrates on small scale struc-
ture (gravity waves and turbulence), and
so this present work will confine itself to
tidal and planetary waves and the prevailing
winds.

OBSERVATIONS

To date, all observations of winds at
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the mesopause level over the equator have been
of the "snapshot" variety, with a few days of
observation, very occasionally repeated sea-
sonally. (The same can also be said for other
latitudes, with the exception of the meteor
radar network in the U.S.S.R. operated by the
Hydrometeorological Service, which operates
continuously, but unfortunately does not mea-
sure wind structure with height.) These
"snapshots" have revealed considerable vari-
ability in the winds, but with indications of
predominant easterlies at the equator, in
contrast to the predominantly westerly flow
observed at mid latitudes.

RADIO METEOR WINDS

An example of one of these observations,
obtained by a collaborative effort between
the French National Center for Telecommunica- -
tions Studies, and the Georgia Institute of
Technology, using the French meteor radar
located at Ramey, Puerto Rico (18°N), is pre-
sented in Figure 1. The zonal wind component
of Figure la is predominantly easterly (wind
vector directed toward the west), for the
first four days of observation, but a strong
westerly intrusion then develops from above.
The intrusion weakens and ascends toward the
end of the observational period. While this
phenomenon can be associated with the simul-
taneous spring reversal of the zonal strat-
spheric circulation, it may also be evidence
for the mean flow acceleration by tidal
interaction proposed by Miyahara (1979) - as
can be seen from Figures 1b and ¢, both the
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Figure 1. Radio meteor winds from 85 to 105
km for the period March 17-24, 1979, over
Puerto Rico. a) zonal wind; b) 24 hour
tidal amplitude; c¢) 12 hour tidal amplitude.
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diurnal and semidiurnal tidal amplitudes
have large amplitudes coinciding with the
reversal,

One phenomenon which has received
considerable attention at middle latitudes
is the 2 day wave, which has been observed
in week to 10 day meteor radar winds in both
the northern and southern hemisphere. By
using a low pass filter to remove periods
shorter than 30 hours from 8 days of meteor
wind radar data obtained at Ramey in August-
September 1977, Glass (private communica-
tion, 1978) produced the results shown in
Figure 2. The presence of a wave with a
quasi-2 day period is well illustrated.

INCOHERENT SCATTER WINDS

Some recent results from Harper, et al.
(1980), taken using the Arecibo incoherent
scatter radar from September 1 to 14, 1977,
are shown in Figure 3. The 14 noontime
profiles illustrate the variability encoun-
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Figure 3. Meridional winds from the Arecibo

incoherent scatter radar (from Harper, et al.,

1980).

tered in winds at the mesopause level. Note
that these are meridional winds and that
speeds of 1100 m/sec occur - zonal and merid-
jonal wind speeds are comparable at altitudes
above the mesopause, in contrast to the pre-
dominantly zonal flow in the stratosphere and
mesosphere below.

METEOR/ INCOHERENT SCATTER WIND COMPARISONS

Mathews, et al. (1980) presents several
comparisons between meteor winds from the
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Figure 5. Comparison between Arecibo incoherent scatter radar winds (dashed lines) and Ramey

French radar at Ramey and winds from the
incoherent scatter radar at Arecibo. The
locations and "zones of echo acceptance" of
the two instruments are shown in Figure 4.
One comparison, from 0900 to 1600 hours on
August 3, 1978 (Figure 5), shows quite good
agreement between the two techniques, with
the -incoherent scatter winds showing more
structure because of better height resolu-
tion.. Between 1000 and 1400 hours, the inco-
herent scatter winds are significant down to
60 km - a real breakthrough when one remem-
bers that just a few years ago 110 km was
the lower 1imit of reliable wind measurement
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meteor radar winds (full lines), August 3, 1978 (from Mathews, et al., 1980).

using this technique. However, there are no
incoherent scatter winds below 100 km at
night, whereas the radio meteor technique
produces winds over the 80 to 100 km height
range both day and night.

PARTIAL REFLECTION DRIFTS

This relatively inexpensive technique is
capable of measuring winds between 60 and 100
km by day, and 90 to 100 km by night. The
first partial reflection drifts experiment
operating on a routine basis was installed at
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Townsville, Australia (20°S) by Dr. R. A.
Vincent of the University of Adelaide,
Australia. This equipment is capable of con-
tinuous operation, but for financial reasons
is run in the campaign mode, Results from
this experiment are eagerly awaited,

VHF SCATTER RADARS

The most recently developed tool cap-
able of continuous monitoring of mesopause
dynamics is the VHF Scatter Radar. These
radars have the capability, shared by the
partial reflection drift technique, of mea-
suring periodicities in wind profiles down to
the Brunt Vaissala, and therefore represent
powerful tools for gravity wave and turbu=
lence studies, in addition to planetary waves,

mean winds and tides. Details of this tech-

nique are to be presented at this meeting by
Ben Balsley.

AIRGLOW DRIFTS AND TEMPERATURES

While unable to provide continuous mea-

surements (nighttime only, no clouds), air-
glow measurements can supplement our know-

ledge of winds (see, for example, Hernandez

and Roper, 1979) and provide temperature data

of use in modeling mesopause dynamics.
POLAR STRATWARM EFFECTS AT MESOPAUSE HEIGHTS
The necessity for continuous monitoring

of mesopause dynamics is iVluStrated in
Figure 6 (from Roper, 1978). Without
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Figure 6. Comparison between zonally aver-
aged satellite radiance data and the zonal
wind at meteor heights over Atlanta (from
Roper, 1978).
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continuous data, the association between the
polar winter stratospheric warming and the
reversal in the zonal wind at mesopause, alti-
tudes would not be nearly as convincinﬂ.

While this data is for mid-latitudes (Atlanta,
34°N), the effect is so pronounced that it
would not be surprising if it extends as far
south as Puerto Rico (18°N).

CONCLUSIONS

No mention has been made here of
satellite remote sensing to monitor meospause
dynamics. Because winds at these altitudes
are ageostrophic, conversion of temperature
fields to winds is well nigh impossible. For
many years to come, and certainly through the
Middle Atmosphere Program period, 1982-85,
ground based radio techniques will be our
primary source of data on mesopause dynamics
at all latitudes.
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CHAPTER VI

UPPER ATNMOSPHERIC MIKING BY GRAVITY WAVES

C, G, Justus
Georgia Institute of Technology
Atlanta, Georgis 30332 .

Abstract

Magnitudes and horizontal ant verticel scales
of gravity wiaves have been measured and uted in a
formula developed by Hines to eitimate resulting
eddy diffusion coefficients. Valtos between 90 and
110 ko agree well with those determined from energy
flux measurements from chemical cloud rvelisses,
Values between 25 and 45 km altitude are in cgree-
ment with high eddy diffusion coefficiente in the
upper stratoephere recently determined by Wofsy.
Comparison with other eddy diffusion estivates is
also given.

1. Introduction

A recent study of upper atmospheric data in
the region above 25 km has been conducted for the
purpose of resolving small scale variations which
may be assocfated with internal atmospheric gravity
waves, The method used, known as the daily differ-
ence’ technique, was developed for resolving small
scale irregular variations from limited amounts of
data ({,e. of insufficient number for direct
Fourier analysis); The form of the method used in
this study is a slight extension of the method orig-
inally developed by Woodrum and Justus(142), The
magnitudes and horizontal and vertical scales of
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Fig. 1. Gravity wave wind magnitudes
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the small scale perturbations, assumed Lo be pro~
duced by gravity waves, have been measured by this
technique. The detsils of the daily difference
method and the results of these magnitude and wave-
length maas?s?mcnto have been presented by Justus
and Woodrum'?/,

Figure 1 shows the computed height variatjon of
the gravity wave winds averaged over all seesons and
locations from Meteorological Rocket Network, falle
ing sphere, meteor radar, grenade release, and chem=
ical releasec data, Horizontal and vertical waves
length results ure shown in Figure 2, Data points
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Fig. 2. Gravity wave horizontal
and vertical wavelengths

in Figure 2 are plotted at the midpoints of the
altitude intervals over which they were evaluated,
These averaging intervals are indicated on the
right hand side of the figure, Figure 2 shows that
horizontal wavelengths are approximately 10 times
larger than vertical wavelengths throughout the
altitude interval measured,

2. Eddy Diffusion Coefficients

Hines(4'5) has developed a relation for the
eddy diffusion coefficient K, corresponding to
"offset condition" dissipation of intermal atmos-
pheric gravity waves. The offset condition is the
sitvation in which viscosity and thermal conduction
just offset the normal (i.e., no-viscosity)
exponential increase of gravity wave amplitudes,
yielding constant amplitude, The formula,

(} "P\(}‘a ]5[,?{?!1(
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: expreased in terms of horizontsl and verticel wave~
B lengths Ay and A, pressure scale height H, and
o Brunt=Vaisela period 15, 4a given by

4,4, 2 235/2 (. )
Ky = 0,024 A' A B €% (!‘ H) )

The wavelength values from Figure 2, together with
the 1962 U, 5. Standard Atmosphere values for t
and H have been uped to evaluate K from equati
(1) The vesulte are shown in Figure 3. The solid
i square data points corzespond to the wavelength
average value dats points of Figure 2. The solid
curve represents values computed from the interpo-
lation curves of wavelength values in Figure 2.
Soms emtrapolation of wavelength values was
exployed, but not beyond the altitude limits of the
original data from which the wavelengths were
detersinied, The portion of the solid curve betwsen
25 and 35 ko in Figure 3 46 from the dashod extra-

polation curve in Pigure 2, and the dashed portion 9'0.- A ,a-. ‘6.. 4 ; - o
of the present results curve in Figure 3 {e from P hpar's?
; the dotted extrapolation curve (which gous to zerc o
: at the Earth's surface) in Figure 2, In the case
, i of ), <€ Ay, equation (1) reduces to Fig. 4, Gravity wave kinetic energy density
- D 4 «1
, Kp = 000427 (x HAY (2)  E_ enp(-2/7.8). These velues of "kinetic energy

deneity scale height' which are not significoncly
larger than atmospheric density scale height, indi~
catw thot the actusl rate of gravity wave dissipat-
{on more nearly corre!pondn to the required offset
condition than the pV® = constant situation without
viscous effectu,

Thus, sfnce A, = A./10 the K, values vary approxi-
mately as the 'fourfh power o? Agy but inversely with
Agr It 48 for this reason that small changes in A,
in the 25 to 35 ko altitude interval (where ), 18
small and small thanges represent large percentage
chinges) make considerable difference in the values

of Rp computed from equation (1). 3. _Comparison With Other Results

3 Figure 3 also shows values and curves of eddy
X L) 1 i \ i T diffusion coefricients which have been measured Dfﬁ
«see Johnson & Wilkins uscd below 110 km,  The dashed curve den?”d Hebb (8
4 Gudiksen et al. was also based on earlier work of Lettau in the B ;
e Wobb 1 neutrai gcrnonphere altitudes, The curve labeled Lo
@ Justus 8) was ietermined from measured rates of tur~

120~

;{ | . .---:.ws:us ~§\ ’ - bulent k, netic energy production ¢ by wind shear,
s+ WOISY ~ A and mear wind shear S, with ¢, assumed to be re-
: ¢ Kellogg 3 e Ky 52, Y32 curve laheled

lated to KR and § by sa
B Present Results Johnson and Wilkins'? results from (elr computate

& 80 T fon of the maximum eddy diffusion ¢o .aistent with tie
- emount of heat available for downward eddy trangs
. port, The datu points labeled Gudiksen et 4l, ) :

- B woere determined by these authors from their obser- y
= - vations of nuclear explosion relecased tungsten 185, R
=40 — - n The data points labeled Kellogg(ll) were computed by &
g‘ '// the present author from Kellogg's reported values of i

A - turbulent velocities (v,) and maximum observed rad-

~ 4’ _ ius (rpgy) of smoke puffs in the 10 to 18 km height
il ST range. The data points are values of the product

£~ Ve Taaxe Which should represent a lower limit to the

¢ [ il i 1 \ eddymﬁ‘ffuston coefficient if, as suggested by
0 =3 'oa Kellogg, the linear growth velocity is due to in~
10 1 9 c¢reasing eddy diffusion coefficients with increas-
Diffusion Coetficient , m7sec ing scale, However, as discussed below, this con- :
Pig. 3 clusion s quite likely incorrect. :
g 3

Eddy diffusion coefficients E
4. Interpretation of Results :

The gravity wave magnitude results of Figure 1

show that the gravity wave amplitudes are, on the Because vertical spread within the atmosphere

average, increasing with height, contrary to the
sssumed offset conditions necessary for application
of equation (1),  However, as shown in Figure 4,
there is considerable loss of gravity wave kinetic
energy density with height, Between ahgut 25 and
60 ko the kinetic energy density E = pV®/2 varies
as E = E, exp(-z/9.4) with E, a constant and 2 in
km. Between about 70 and 130 km E varies as
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is vitimately restricted compared to the unlimited
horizontal spread which is possible, the large
scale eddy diftusion process is not {sotropic, and
vertical eddy diffusion coefficients are generally
smaller than horizontal eddy diffusion coefficients,

The first point

to be noted with regard tv the
eddy diffusion coeffic?e H g

nt data in Figure 3 is that

Gw

i

T

o oo =

b A L e A




(with the probably exceptior of the values computed
from Keljogp's smoke puff dnta) these results are
for vertical eddy diffusion coefficients. The
Johnson and Wilkine, Wofwy, and Gudiksen at al,
data all relate thooretically and/ot observase
tonally to vertical fluxes of diffusing constit~
vents or heat. As a moasure of the degree of
anisotropy poesible, 4t ehould be noted that the
purely horirontal (meridional) eddy diffusion
coefficients determined by Gudikeen et al. ave
roughly & factor of 106 larjer than their purely
vertical eddy diffusion coefficients plotted in
Pigure 3.

It is likely that the vg vp,, values from
Kellogg's smoke puff data overestimate the vertical
eddy diffueion coefficiants, because apparently the
actual diffusive spread of uloud releases on emall
scoles proceeds faster than would be sccounted for
by the large scale verticol eddy diffusion coeffice
ient,  This can be seen fron comparisecn of diffus-
ion velocityescale yrod%czg (t.e0 vp o, ) from
chemical relesse clouds'lé) with the egay diffusion
coefficient values (labeled Justus in Figure 3)
determined from vertical encrgy flux oeasurements
using chemical release data, The velocity-scule
product values are consistently at least a factor
of ten larger. This result is undoubtedly caused
by the small ecale diffusive spread being controlled
by wind shear processes,

The present rvesults curve in Figire 3 should
most precisely be interpreted as a maximum value
which could be produced by internal atmospheric
gravity waves without an uvpward decreise in the
applitude of the waves. Therefore, tnis curve
might require a slight shift to lower values be-
fore it would represent the profile of actual mean
vertical eddy diffusion coefficients, Neverthe-
less, it is clear from Figure 3 that the present
results agree with high stratospheric eddy diffus-
ion values such as those of Wofsy and cannot agree
with the Webb-Lettau curve which has stratospheric
eddy diffusion coefficients which are lower by sev~
eral factors of ten.

The important conclusion for these results,
with regard to the assessment of environmental im-
pact of acrospace operations, is that the vertical
eddy diffusion coefficient in the stratosphere, and
especinlly in the upper stratosphere, is higher
than originally believed. From the rusults pre-
sented here it is reasonable to attribute these high
eddy diffusion coefficients to the mixing processes
generated by atmospheric gravity waven as they
propagate through the stratowpheric region,
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CHAPTER VII
Stratospheric Warming Effects

on Mesopause Dynamics

The Effects of Polar Stratwarms on the Winds at the Mesopause Level
in Mid-Laditudes

(Presented at the 18th Radar Meteorology Conference, Atlanta, Ga.,
March, 1978, and updated at the AMS Conference on the Upper Atmo-
sphere, Boston, Mass., October, 1978)

Prevailing Wind in the Meteor Zone (80-100 KM) Over Atlanta, and its
Association with Mid-winter Stratospheric Warming

(Submitted to the Journal of Atmospheric Science)
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THE EFFECTS OF POLAR STRATWARMS ON THE WINDS AT THE MESOPAUSE LEVEL IN MID LATITUDES

R. G. Roper

Schoo) of Aerospace Engineering |
Georgia Institute of Technology .
Atlanta, GA 30332 o

1. INTRODUCTION :

For over a quarter of a century, winds have
been measured over the height range 80 to 100 km . . .
by means of radio reflections from the ionized ONAL WIND  ATLANTA 348,86W
trails of meteors. Although sophisticated high

I

frequency radars (usually operating in the 20 to lmg%«;%l%;&gyr B Rk

40 MHz range) have been employed, not all of the Zf/‘g/g‘.,* "*:%;:7//? P

"advantages of the technique have been realized, w?//ﬁ%’:;\,,,;.glg%\ ,‘//J;)/fé“%\‘ ]
In particular, very few continuous, long term [ ﬁé%,%;é:g,//f/i\ [%i%’%\
observations have been made. In the past, the W \
major problem has been an inability to handle £ j//i?;//;/f,%é'/’%/’\ !‘,4‘,’?;(/’//%% .3
the large amount of data generated by continuous § % a2\l (A
oper?tior‘\. b;owever. the revgl:tiog in data ”Pg; ‘ul i;‘ I
acquisition in recent years had made such opera- Z% . BRI 2 AV
tign econoiically feasli!ble. P 0 %{o //Zm'%///////.vé//////é& 1Z,

2. THE METHJO

The radio meteor method of wind determina-
tion has been described at a previous AMS Radar
Meteorology Conference (Barnes, 1972), and the

Georgia Tech Radio Meteor Wind Facility detailed [
by Roper (1975)., The Tech system is a continuous E
wave radar (using two continuously transmitted K]
carriers 720 Hz apart to determine range) de~ ]
signed to measure some 1000 line of sight
dopplers and echo positions per day. However, “ovTe pEC T rinrs
since the CW technique accepts echoes at all - + b e
ranges, aircraft reflections are a problem, at
times reducing the rate below 300 echoes per day. Figure la) The mean zonal wind over the
This, together with time lost through maintenance height range 80 to 100 km above Atlanta for
of the transmitter and receivers, occasional power the period November, 1974 through February,
outages at the receiving site, and the need to 1975, The zonal means to which the contours
average several days data to produce meaningful have been fitted are averages for the measure-
measurements of the diurnal and semidiurnal ment intervals depicted in b). ¢) is the
tides, results in an apparent smonthing of the zonal mean radiance deduced from satellite
data of from a few days to two weeks. In order radiometer measurements, and is proportional
to meet the publication deadline, consideration to the stratospheric temperature averaged
is given here only to the zonal mean wind; analy- over the 100 to 5 mb height range at 82,5°N,
sis of the significance of the meridional and
vertical mean winds, and the tidal winds, is
proceeding, iance data at 82,5°N published by Quiroz et a}
(1975). The late December/early January warming
3. RESULTS did nou produce a wind reversal at the 10 mb
. level, therefore is not characterized as a major
Continuous radio meteor wind observations warming.
conmenced over Atlanta in August, 1974, Figure
la shows the variation with height and time of The circulation at meteor heights during the
the zonal wind 80 to 100 km over Atlanta for the fall and early winter of 1974, being predominantly
period November, 1974 through February, 1975. In easterly {as plotted, a negative wind is a wind
interpreting the structure present, the averaging vector directed toward the west, i.e. an easterly),
interval details in Figure 1b should be taken is unusual, at least when compared to subsequent
into consideration. years (see Figures 2 and 3). About the best one
can say from this preliminary comparison of the
An attempt was made to correlate the ob- meteor winds with the single zonal mean radiance
served winds with the zonal mean satellite rad- data curve is that there are wind reversals which
40
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Figure 2, As for figure 1 for November,
1975 through Fehruary, 1976, except that the
zonal mean radiance is presented for three
latitudes, and is proportional to the
stratospheric temperature averaged over the
100 to 2 mb height range.

correlate with the changes in radiance.

Proceeding to the winter of 1975-76 (Figure
2), the zonal flow at meteor altitudes is pre-
dominately westerly, with two minor reversals - in
early January, and early February. Comparison
with the zonal mean radiance satellite data, this
time available for three latitudes (Quiroz, pri-
vate communication, 1977) shows that there are
Tocal maxima in the radiance curves at all three
latitudes during these two periods. However,
there are not any outstanding features in the rade
iance data - no warmings occurred curing the
winter of 1975-76.

The data for the winter of 1¢76-77 represents
the most interesting set to date. Unforturately,
no meteor wind data is available fcr the first
week in November (and the last week in Octcber).
However, the winds through August, September and
mid October were consistently westerly - thus the
change to easterly in mid Noveniuer could well be
associated with the warming of late November,

With the reestablishment of westerlies over the
whole height ‘range by the end of November, the on-
set of the late December warming is preceded by a
rapid waning of the westerly at the upper levals,
with the onset of easterly flow above 90 km
occurring a week before the winds at 80 km become
easterly. During the last week in December, the
satellite radiance data show a reversal of the
latitudinal temperature gradient from that
established by the warming. This »s accomflished
by what one would almost call a westerly “et" in
the mid height range of the meteor winds. The
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Figure 3. As for Figure 2, for Nevember, 1976
through February, 1977.

subsequent warming trend in early January is not
accompanied by a meteor wind reversal, and just so
that we will not be tempted to think that we have
all the answers, there is a tongue of weak eas-
terlies which descends from 100 km to 83 km in
late January/early February, which seems to have
no correlation with the stratospheric temperature
curves.,

4, CONCLUSIONS

The continuous measurement of the wind pro-
file over the 80 to 100 km region by means of radio
reflections from meteor trails provides data which
can be correldted with stratospheric temperature
changes inferred from satellite radiance data.

The very preliminary results presented here (later
publications will include the consideration of the
meridional wind, as well as the diurnal and semi-
diurnal tidal winds) show a tendency for strato-
spheric warming events (which produce zonal mean
temperature changes in the stratosphere at 40°N
which ¢ e only just measurable) to produce dra-
matic changes in the circulation in the neighbor-
hood of the mesopause at 34°N, While such changes
have previously been expected and reported at
higher latitudes (see, for example, Hook, 1970),
to my knowledge this is the first report of similar
behavior as far south as 34°N.
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PREVAILING WIND IN THE METEOR ZONE (80-100 KM) OVER ATLANTA

AND ITS ASSOCIATION WITH MID-WINTER STRATOSPHERIC WARMING ¢
ABSTRACT ;
The wind data generated by an all sky, continuous wave radio 1 -

meteor wind facility at Atlanta (34°N, 84°W) is analyzed over the

period of August 1974 through July 1975. Zonal and meridional com-

RSO GO ok SRR SR

i ponents of the prevailing wind over the height range of 80-100 km, ';; |
‘ at 2 km interval represent 5 to 10 day averages where the tidal com-

ponents have been removed.

Large southerly wind during winter and weak northerly wind
during summer at 80-100 km altitude is consistent with other obser-
vations and mesospheric circulation models. Evidence of wave energy . ;
input from the lower atmosphere has been found in the prevailing wind. 'é }

The "minor" mid-winter stratwarm of 1974-75 is studied. Various

phases of this warming, including a pre-warming puise during the

35

second half of November 1974, are shown to have affected the prevail-
ing wind regime in the meteor zone, in a manner consistent with the

latitudinal and vertical temperature compensation criteria in the

stratosphere and above.

1

The implied meriodional mean temperature gradients from the one

year of data point to a year round cold mesopause at high latitudes--

the only exceptions during winter appear related to the perturbed

stratospheric cyclonic vortex due to warming episodes.
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PREVAILING WIND IN THE METEOR ZONE (80-100 KM) OVER ATLANTA
AND ITS ASSOCIATION WITH MID-WINTER STRATOSPHERIC WARMING

1. Introduction
The general circulation in the stratosphere and lower meso-

sphere consists primarily of ultra-long wave motions, superimposed

on a zonally symmetric flow that is easterly (from the east) in the
summer hemisphere and westerly in the winter hemisphere, in approx-

imate thermal wind equilibrium with the zonal mean temperature field.

PRI LN AR S P

The planetary scale waves of zonal wave numbers 1 and 2 appear to be

vertically propagating modes that are generated in the troposphere

by a vériety of dynamic mechanisms, and then transport energy and

momentum into the stratosphere and beyond. In addition, there is

a semi-annual oscillation which has its maximum amplitude near the

equatorial stratopause, and there is also a strong oscillation in
the Tower tropical stratosphere of somewhat irregular period, aver-
aging about 26 months, calied the "quasi-biennial oscillation".
Besides’these cyclic variations, there are a number of irregular
short-term and year-to-year variations which are apparently due to
the tropospheric forcing of vertically propagating planetary waves.
The most prominent are the changes in the wind and temperature re-
gimes associated with sudden warming of the high latitude winter
stratosphere (the so-called "polar stratwarms").

On the other hand, based upon very sparse1y distributed data,
in time and location, a general profile of the seasonal variations

of the prevailing wind in the lower thermosphere (up to 120 km) is
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becoming established. Groves (1971) finds that there are equatorial
easterlies present throughout the year at an altitude of 95 + 15 km.
The seasonal variation observed at low latitudes is the result of the
slight shifting of the wind belt north and south of the equator.
Recently Minina et al. (1977) have analyzed the wind data from many
years at heights of 80-100 km, primarily from meteor radar observa-
tions made at various Northern Hemisphere stations. These data indi-
cate large scale pressure formations of the cyclone-anticyclone type,
with similar synoptic structures as observed in the atmosphere below.
During winter the cyclonic vortex centered near the pole dominates the
circulation in the meteor zone at high and middle latitudes (up to at
least 120 km; Groves, 1971); in summer, the anticyclonic circulation
is characteristic of high latitudes (north of 65°N). The cyclonic
circulation in the ﬁidd1e latitudes and the ring of sub-tropical highs
exist year round. Thus, the winds in the meteor zone are shaped not
only by the seasonal variations of the thermal balance at these heights,
but also by the lower-lying layer of the mesosphere.

The present work investigates the imprint on the general circu-
lation at lower thermospheric heights (80-110 km) of the very large
perturbation of the high latitude winter stratosphere which occurs
during a polar stratwarm event. Hook (1972) using the radio meteor
technique at College, Alaska (65°N, 140°W), and Gregory and Manson
(1975) using the partial reflection technique over Saskatoon, Canada
(52°N, 107°W), have studied the effects of various major stratwarms

on the wind patterns in the 80-110 km altitude range. They observe
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that in association with the warming phase of the stratwarm, there
was found a reversal of zonal and meridional wind from westerly and
southerly prevailing directions respectively. Gregory and Manson
(1975) deduce meridional temperature gradients from their wind data
and believe that the pattern of temperature changes in the vertical

as suggested by Labitzke (1972a,b; see next section) in relation to
the stratwarms is consistent with Saskatoon data. Other observational
studies, for example by Ryazanova et af. (1976), may also be cited
for higher latitudes.

In the present study, the radio meteor technique has been used
to obtain wind data in the height range of 80-100 km over Atlanta
(34°N, 84°W). The prevailing wind regime over this height range is
analyzed for the period of August 1974-July 1975. Particular empha-
sis is placed on the circulation changes observed at meteor heights
over this low mid-latitude station as related to the minor high lati-
tude stratospheric warming that peaked during the first week in Jan-
uary 1975. This warming event is studied in the next section. A
brief description of the meteor radar observation technique follows.
Finally, the prevailing wind at the mesopause level is analyzed in
subsequent sections.

2. Stratospheric Warmings
A. The Minon StﬁaiOApheAic Wanming of 1974-75

Since its discovery by Scherhag in 1952, the anomalous warming
of the winter Stratosphere has come to be recognized as the single
most energetic disturbance of the entire stratosphere. Individual

warming events have been termed major or minor depending on whether
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large scale circulation reversals were observed in the middle strato-
sphere (at or below 10-mb, ~30 km, level) in association with the
temperature increases observed (of at least 25° in a period of a week
or less), in the higher latitudes (MeIntunff, 1978).

The mid-winter warming of 1974-75 satisfied all but one criterion
required to be classified as major ; that is, the mean westerly cir-
culation poleward of 60°N did not reverse to easterly at 10-mb level.
Figures 1a and 1b show 2-mb (~42 km) charts for December 11, 1974 and
January 1, 1975 respectively. On December 11, 1974 (Figure la), rep-
resenting the pre-warming upper stratosphere, a cyclonic vortex is
situated close to the pole and the cold center (dashed 1ines represent
constant temperature contours) lies about 90° westward. The chart
for January 1, 1975 (Figure 1b) shows the state of the circulation
close to the peaking of the warming event. Here the Tow pressure
center is seen displaced to a position east of Greenland at about 70°
latitude and the Aleutian high centered over the Bearing Straits gov-
erns the polar circulation. As shown in Figure 2, a plot of the mean
zonal winds, easterlies are to be found north of 55°N at the 2-mb
level on January 2, 1975. By January 15, weak westerlies appear again
and ‘within a week the stratospheric circulation returns to its near
normal state.

Figure 3, which is a plot of zonally averaged temperatures, shows
that the warming reached its peak during the first week of January 1975
in the upper stratosphere. On January 2, 1975, an increase in temper-
ature of 40°C is observed at the 2-mb level, north of 70°N. Tempera-

tures return to normal in the upper stratosphere only after the second
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week of January 1975. Figure 3 also indicates a low latitude warming

in association with the cooling at high latitude (on January 8 and 15
contours), Fraitz and Soules (1972) have shown that for the major
warming of December 1969-January 1970 in high latitudes based upon
satellite radiance data (weighting function in the middle stratosphere],
a simultaneous decrease is observed in the low latitudes of both the
hemispheres and more importantly, a phase lag is observed in the radi-
ance maxima from low to high altitude.

Warming pulses of about 15-day periods have been found in the
winter stratospherg of both hemispheres, and are readily detected
from the satellite borne radiance measurements. In Figure 4 the mean
zonal radiance (solid line) at 82.5°N is plotted for the winter of
1974-75. The peak marked II, during the first week of January coin-
cides -with the "minor" warming Jescribed above. In all, six peaks
can be discerned over the period of three months.

B. Temperature Changes up to 80 km

During a stratwarm the height of the stratopause, defined as the
temperature maximum, can vary from 20 to 60 km altitude in high lati-
tudes. The mesopause height however, seems to vary over a much nar-
rower range, possibly from 70 to 90 km altitude.

Labitzke (1977a) has combined several soundings from different
winters to give profiles for high and low latitudes for a "composite
warming" (for early winter (I), climax (II) and late stage (III)) as
shown in Figure 5. Here, opposite changes in temperature between strat-
osphere and mesosphere (right part, Figure 5), and between high and

low latitudes are apparent. The region of sign change lies between
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50-55 km and Labitzke call it "the pivotal level for the interaction
between stratosphere and mesosphere in winter".
3. Wind Observations Using Meteor Radar

A. The Geoxngda Tech Radio Meteor Wind Facility

The Georgia Tech system (at Atlanta; 34°N, 84°W) has been in rou-
tine operation since July 1974, It has been designed as a continuous
wave, all sky system with a capability of continuous operation 24 hours
a day, seven days a week Qith an adequate usable echo rate (Roper, 1975a,
b).

A double sideband suppressed carrier continuous wave transmitter

operating on 32.5MHz+360Hz with an RMS output of 2 Kw has been installed

on the Georgia Tech campus, and a receiving site established at Technology

Park/Atlanta, 27 Km northeast of the campus. The Georgia Tech ranging sys-
tem uses phase comparison of the sidebands of a double sideband suppressed
carrier signal to determine the echo range. For direction finding, rel-
ative phases between receiver outputs are determined by integration

over 3/2 cycle of Doppler waveform, ensuring that each echo accepted

meets the requirements placed on echo arrival angle. Data tapes at the
receiving site contain information only on the Doppler frequency and
relative phases, along with a continuously updated record of year, day

of year, hour, minute and second. A series of FORTRAN coﬁputer pro-

grams handles the data reduction from determination of echo arrival

angle, range, trail drift velocity and time of occurrence of echo to

the plotting of height/time wind profiles and altitude dependent wind

spectra deduced from the echo data. These programs have been documented

by Roper (1975a).
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B. Decomposdition of the Meteon Wind

The Georgia Tech facility uses a technique developed by Groves

(1959), that finds a "best fit" model to represent cata by generalizing

the least square solution. In this method, the zonal, meridional and
vertical components of the model wind at the reflection point on the
trail are assumed to be certain specified functions of height ana time
containing arbitrary parameters. These parameters are then chosen in %
such a way_that the error between the model wind and the observed

trail drift velocity is minimized.

si' {; Typically, a polynomial variation in height, with a periodic var-
H iation in time, is allowed. Third degree polynomials in height for
zonal and meridional components, and a first (or zero) degree polynom-

ial for the vertical component are found satisfactory for data that

has at least 120 echoes per grouping. The fundamental period is taken
as 24 hours with 12 and 8 hour components also computed. This choice
is justified by the ample data on the presence of large tidal compo-

nents (24- and 12-hour) at meteor heights.

The prevailing wind then, is the meteor wind averaged over a

period of 5 to 10 days from which tidal components (24, 12 and 8 hour

periods) have been removed. The echo rate dictates the period of aver- ?

aging beyond five days. Figure 6 is the height-time plot of the zonal
and meridional components of the prevailing wind for the period of
August 1974 through August, 1975. There are no data available over the
period of March 28-May 14, 1975, In this figure, isotachs are plotted
at 10 m/sec intervals. The continuous lines represent westerly and

southerly winds (taken positive) on the zonal and meridional plots
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respectively. The computed error (one standard deviation; not shown)
over the entire period under consideration is season dependent. It is .
large during winter due to large variability of the wind at meteor | Z
heights during winter. It averages to about 20 per cent for a reason-
able echo rate (i.e. about 100 usable echoes per day). The echoes 5 f
are sampled over the height range of 76-106 km, though the winds below o
80 km and above 100 km are not considered due to large errors involved

(usable echoes outside 80-100 km height range are very small in num-

ber). The height resolution is 2 km in these experiments.

Ei . : 4. Results and Discussion

| A. Prevailing Wind, August 1974 thuough July 1975

Zonal component. The zonal circulation is characterized by mostly

easterly wind during fall tarough mid-winter. Westerlies are present
during late winter and throughout the summer months (Figure 6).

The slope of the zero isotach during August 1974 indicates a
downward progression of the westerly regime. The westerlies reach the
80 km level during the first week of September and appear to weaken *ﬁz “

while descending. A maximum westerly wind of more than 20 m/sec is

reached above 95 km around the third week in August. From mid-Septem-

vber, easterlies re-establish beginning from lower levels, so that by
the Tast week of October, the easterly wind takes over the entire 80-
100 km height range. The easterlies gradually intensify until a max-

imum is reached by the fourth week of November 1974 near 95 km; a peak 1 :

value of greater than - 30 m/sec is recorded.

Toward the end of November, easterlies start to weaken until a

reversal begins in the third week of December 1974, The slope of the ¢ ;Q,
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2ero isotach, aggin. suggest a downward progression from 100 to 80 km.

The easterly wind re-establishes, starting at lower heights by
the beginning of January 1975, and intensifies to a peak value of more
than -20 m/sec above 90 km during mid-January.

Subsequent reversal to a westerly regime during the last week in
January 1975 appears to have started from higher levels. Throughout
February and March 1975, the zonal circulation is such that the west-
erly wind strengthens with increasing height, while below 85 km, a
weak and variable wind regime persists.

There is no data for the period of April through mid-May 1975.
From mid-May, where the 10 m/sec isotach is seen almost vertical, the
wind is westerly through the summer and it strengthens with increasing
height. - |

The Meridional Component. Compared to the E-W component, the

north-south wind is weak and variable in strength.

| The zero isotach located near 85 km divides the northerly wind,
above, from the southerly wind, below, during August through mid-
October 1974, During November, the zero isotach shows a progressive
establishment of southerly wind uver the entire 80-100 km height range,
starting at 80-km. The southerly wind persists through the last week
in February 1975, with a few reversa]s to northerly Qind.

During March 1975, the wind is northerly and around the last
week of March, there is a strong reversal (u > 10 m/sec) to southerly
wind above 90 km.

During the middle of May 1975, a strong southerly current is

observed below 90 km (u > 20 m/sec) with northerly wind above. During
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June, the meridional wind is northerly, followed by southerly wind in
July. From the third week of July, a reversal to wind from the north

begins at higher altitudes.

The Mean Meridional Tempzrature Gradients. Vertical shear in
the geostrophic wind implies the presence of a horizontal temperature .
gradient. The thermal wind, which is the vector difference between
the geostrophic wind at two pressure levels, cannot strictly be applied
in relation to the meteor wind between the 80-100 km altitude range.
However, qualitative information about the mean meridional temperature
gradients can be inferred from the height-time plot in Figure 6.

The thermal wind blows parallel to the isotherms, with warm air
to the right facing downstream in the Northern Hemisphere. Then, for
example, when westerly wind gains strength or easteriy wind weakens
with increasing altitude, positive thermal wind (zonal component) is
indicated; fhis implies that the mean meridional temperature gradient
is negative and thus, colder latitudes are indicated northward.

If at the same time, the mean meridional wind component of the prevail-
ing wind is southerly, we can infer warm advection.

Studying Figure 6 in this context, it can be seen that from mid-
August 1974 through JuTy 1975, the meridional temperature gradient is
negative, implying cooler latitudes north of Atlanta, with two signif-
icant reversals. During the period of the second half of November
1974 and later on around mid-January 1975, warmer northern latitudes
are indicated.

| From the last week in November 1974 through the last week in

February 1975, the meridional wind is southerly at 80-100 km. Thus,
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during this period warm advection is indicated except around mid-
January where there is cold advection at meteor heights.
B. The Circubation Changes in the Meteon Zone Refated to the
Stuatospheric Circulation System

In this section the meridional and zonal components of the pre-
vailing wind at meteor heights are analyzed in relation to the pressure
and temperature regimes in the upper stratosphere. The period under _
consideration is from August 1974 through July 1975 (Figure 6). Major ;i ;
emﬁhasis is on the minor :tratwarm in the mid-winter of 1974-75., The
effect of quasi-periodic warming pulses felt in the winter stratosphere
is also studied. |

In Figure 7 are plotted temperature traces on Atlanta longitude
(84°W) at 35°N and 50°N, at 0.4- and 5-mb levels, the temperature values
being read from the synoptic charts produced by the Upper Air Branch of
the National Meteorological Center (Staff, 1978). The values are approx-

imate and limited significance can be attached to the 35°N to 50°N tem-

s

perature gradients read from this figure. It is also necessary to

keep in mind that the thermal systems in the atmosphere generally change

in intensity and position with changes in altitude.

l’ ) The Effect of a Strong Warming Pulse Felt During November of 1974. 2
' 4
The upper air synoptic charts (Stagg, 1978) indicate that during the ]
second half of November 1974, a warming pulse was strongly felt in the ;
)

upper stratosphere. Polar latitudes at 0.4-mb (~55 km) are warmer by
about 35°C on November 20, 1974 than on November 6, 1974. This can
be seen from Figure 8, where temperature traces at 70°N latitude are ,é ﬁ%

plotted for November 6 and 20, and December 11, 1974 from 0.4-mb maps.
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A warm ce11 has moved over the Asian land nass to a position 90°E
within the Arctic Circle during November 1974, The 0.4-mb chart for
November 20, 1974 (Figure 9) also shows two cold cells, 6ne at 40°N
off the China coast and another over Central Europe. There is a low
pressure center over Scandinavia and a weak low is centered over the
Northern North Pacific. At 5- and 2-mb levels (not shown), a weak
high is found centered over North Alaska arnd a weak warm cell can be
detected westward at the 2-mb level (Stagg, 1978).

Figure 7 shows a warming of about 10°C during the ti.ird week
of November 1974 at the 0.4-mb lTevel for Atlanta's longitude. Also
note the strong negative meridional temperature gradient (35°N to
50°N) at the 5-mb level (~36 km).

At meteor heights during the second half of November 1974 (Figure
6), the easterlies strengthen above 90 km. The meridional temperature
gradient is positive, implying warmer northern latitudes. The meri-
dional wind is from the North above 92 km. It then appears that we
have a thermal structure indicated that will severely weaken the circu-
1atibn associated with the stratospheric-lower mesospheric polar cyclone
(i.e., westerly wind) that extends at least up to 100 km in stable win-
ter conditions.

It is then probable that at middle and high lat%tudes, the warm-
ing pulse that was felt strongly near stratopause heights extended up-
ward, pdssibly beyond the mesopause (80-85 km). This conclusion fits
well with Labitzke's (1972a,b) principle of compensating changes of
temperature in the vertical, when we note that below 40 km (Figure 7)

there is a tendency towards cooling in higher latitudes during the
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second half of November 1974,
The Effect of the Mid-Winter Warming of 1974-75. The reversal

to westerly wind toward the end of December 1974 and return of easter-
lies in January 1975 leading to an intensification during the third.
week, are the principal zonal circulation features that appear to be
directly linked to the various phases of the mid-winter warming (1974-
75) of the stratosphere.

We have reviewed this warming in Section 2. As mentioned before,
this was a major warming event in the upper stratosphere and as Figure
10 indicates, on January 1, 1975, at 5- and 2-mb Tevels (36 to 42 km)
the Siberian Arctic has warmed by about 40°C. Its maximum descent was
probably around January 5, 1975 as the radiance peak in Figure 4 would
indicate.

The temperature traces for Atlanta longitude (Figure 7) toward
the end of December 1974 show cuoling at 35°N in the upper stratosphere.
This compensating cooling in association with high latitude warming is
in line with the latitudinal compensation reported by Fritz and Soules
(1972).

What are the implications of this amplification stage of the
stratwarm in relation to the circulation at meteor heights over Atlanta?
From Figure 10 we notice that :he warm stratopause has descended to
about 35 km height in polar latitudes by the first week of January
1975, This situation, in principle, corresponds to Stage 11 of Labitzke's
(1972b) profile for "composite warming" (Figure 5). This profile leads
to a very cold mesopause near 80 km height for’higher latitudes; and

to a warmer mesopause in tropical latitudes (Figure 5; profiles on the
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right).

At meteor heights we find westerlies, strengthening with height,
during this period (a reversal from easterly wind). The meridional
wind is southerly and more intense during the second half of December
1974 (Figure 6). The thermal wind is positive during December 1974,
implying negative meridional temperature gradient over the entiré
height range, i.e., northern latitudes are cooler.

Thus, it can be safely concluded that the circulation changes
at meteor heights over Atlanta during the period of late December-
early January of 1974-75 correspond to the changes implied for these
heights by the warming State Il described before. The.meridional tem-
perature gradient at meteor heights is conducive to westerly circula-
tion.

It is interesting to observe that the descent of westerlies from
above 100 km during late December 1974 (Figure 6) appears comparable
to the descent of easterlies (or warming; Figures 2 and 3) in the
upper stratosphere, with the westerlies descending (implying gradual
cooling) about a week (or more) earlier.

Now taking up the late phase of the stratwarm, the zonally aver-
~aged temperature values (Figure 3) indicate that the warming of higher
latitudes is considerably reduced by January 15, 1975 and the low lati-
tude warming is evident in the upper stratosphere. On Atlanta longi-
tude, there is warming at 35°N and 50°N all through the 5- to 0.4-mb

(36 to 55 km) height range. Also, by January 15, 1974, westerlies
| appear at all latitudes with a strong westerly jet centered near 40-

45°N at stratopause heights (Figure 2). Figure 10 indicates warming
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with increasing height at 70°N, with a warm cell at 90°E.

This situation, in principle, corresponds to Stage III (Figure
5) of a major warming as projected by Labitzke (1972a,b). As remarked
earlier, the 1974-75 mid-winter warming was a major stratwarm in
all but one regard--that the circulation reversal to easterly wind
did not take place in higher latitudes at 10-mb or below, We then
expect that at mesopause altitude, there will be a positive merid-

ional temperature gradient, with a warm mesopause at higher latitudes--

‘favorable to anticyclonic circulation at those heights.

The observed changes in the zonal wind at meteor heights over
Atlanta around mid-January 1975 (Figure 6) appear to support the pre-
ceding remarks. The easterlies reappear in Janaury 1975, ascending
from below (i.e., 80 km), and intensify during the third week above
90 km (>20 m/sec). The thermal wind is negative, implying warmer
northern latitudes. The meridional wind component has weakened in
strength (southerly) through January 1975.

The establishment of westerly wind towards the end of January
1975 (Figure 6) from higher heights (i.e., from above 100 km) is the
return of the normal circulation at meteor heights ‘after the dissi-
pation of the stratwarm. The‘cyclonic circulation in the upper strat-
osphere is well established (notice the strong negative temperature
gradient on Atlanta longitude, Figure 7). The cold mesopause has made
a return in higher latitudes as implied by the strong positive zonal
component of the thermal wind at 80-100 km.

The Summer of 1975. The stratospheric circulation during summer

is governed by the relatively stable circumpolar anticyclone with east-
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erly wind over much of the Northern Hemisphere. At meteor heights

over Atlanta hoWever._the zonal winds fbl1qw the thermal balance.

Westerlies are present at 80-100 km (June through early August) wifh
weaker winds at lower heights. Positive thermal wind implies a colder
higher latitude mesopause. The meridional wind is weak and averages
over the summer as weakly northerly as suggested by various models

as well as other observations (for example, Leovy, 1964).

C. General Comments on the Prevailing Wind Structure
It was observed earlier (section 4.A) that the prevailing windv
(particularly the zonal component) generally exhibits a phase lag

with increasing altitude. It is also observed (Figure 6) that the

wind components are generally stronger at higher altitudes in the

meteor zone. These observations suggest an upward propagation of wave : :

energy from the atmosphere below into the region of decreasing density, ‘ 3
at least up to 100 km. |

Next, taking a summary view of the implied meridional gradients
(section 4.A), it appears that a cold mesopause is indicated through- é %

out the year at northern latitudes. The only indications to the con-

trary, during winter, have been related to the thermal perturbation

'y
of the high latitude stratosphere. In recent years Quinoz (1969), >

Labitzke (1972,b) and others have questioned the need of a heating

requirement for the winter mesopause at high latitudes. Their specu-

lation is that the winter mesopause may in fact be "cold" in early ;
winter and again in the late winter, and the warm mesopause observed f
by rocket data (Theon et al., 1972) is probably associated with the E:é

sudden warmings of the high latitude winter stratosphere. Present
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work is in line with this interpretation.

Finally, in this analysis the meteor wind has been interpreted
in terms of the large scale circulation features of the stratospheric
circulation system. In spite of the very local accumulation of the
data, it is interesting to see how well the variation can be interpreted
as part of the large scale circulation, and at such a relatively Tow
latitude station at that.

5. Conclusions

In the present work, synoptic scale variations in the prevailing
wind over Atlanta (34°N, 84°W) at 80-100 km are interpreted in the
context of the stratosphefic circulation system. The period covered
is from August 1974 through July 1975. It has been shown that quasi-
“periodic warming pulses felt in the winter stratosphere can influence
the wind regime in the meteor zone. The minor mid-winter stratwarm
felt in the high latitude upper stratosphere during 1974-75 ié studied
and various phases of this warming have been shown to have affected
the prevailing wind in the meteor zone over Atlanta in a consistent
manner, by primarily making use of the latitudinal and vertical temper-
ature compensation criteria in the stratosphere and above. What makes
this analysis particularly interesting is the fact that the perturbed
high latitude stratosphere interacts strongly with the mesopause level
winds over a relatively low latitude station such as that at Atlanta
(34°N).

The large southerly wind during winter and weak northerly wind
during summer at 80-100 km altitude is consistent with other observa-

tions and mesospheric models (for example, by Leovy, 1964). It also
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appears that the implied meridional temperature gradients in the one
year data point to a year round cold mesopause at high latitudes.
The only exceptions during winter are shown to be related to the per-
&f’ turbed state of the stratospheric cyclone due to the warming episodes.
Needless fo add, data from more northward stations is required to con-
firm this interpretation.

Some wave energy input from below is indicated by the prelimi-
! nary examination of the height-time variation of the prevailing wind
sfructure. This inference along with a possible explanation of the

presence of easterlies during the fall of 1974 (where westerlies are

-
:
2
&
s,

; expected to be present) are the topics of a future publication. Finally,

it is obvious from the present work that the radio meteor technique

offers an invaluable source of continuous data at lower themospheric
heights for synoptic and long term studies of the general circulation

system of the stratosphere-mesosphere.
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Figure la: 2-mb chart for December 11, 1974, 1Isobars are solid
lines at intervals of 320 meters, and isotherms are

dashed lines at intervals of 5°C (after Staff, 1977).
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Figure 1b: 2-mb chart for January 1, 1975, Explanation as in

Figure la.
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Figure 4: FEddy geopotential flux (GF) through the 100-mb surface
integrated from 20°N to the North Pole (dashed line) and
zonal mean radiance at 82.5°N based on VTPR (Vertical
Temperature Profile Radiométer) Channel 2 measurements

(solid line); 1974-75 (after Quiroz et al., 1975).

69

: S RS CrER e L e o A  sA s
g s e e ; i

A R




RIS

[t ARu ot smriatas

Figure 5:

ke ¥ T L § T T T T I S N LI L
80 . /
../.n\ ' \"'{n l “s
», S, ol
70} *~y "~ P
£i~“-.~‘-"“:::2> { 4{’
(]+} o .
1o Early Winrer Fr, Chum ' ‘\~\
. Be? Jon 1971 P), Borrow s ~, -
0 DXetLote Winter Fi. Churchill o7 ~N l Sy \
pya }
4
’ -
n/ = From // From
|nnm s/ 1D

[ 1 ] [ 3 ]

TEMPERATURE (°C)

L L (S N VL YO T TN N W
*80. =70 =60 =50 -40 =30 =20 <~10_ *“40 -ii-g g :fg :;:
Lo T T T Y T Y ;-2‘0 Ll 0 2.
o s s/ } \
in \¢ n ; | ¢ ]
70 !‘\ ' \\sl
‘l“ .l (7
/
col- “‘\-E;._\ I\ b
Thumba (9°N, 77°E) s\ - .
SO 1e1500c 1970 TNy &
B+ 6J9cn 197} Pt ~ i
sl msi0Fn19n ///_//_, | { N
" -
/ i )
/ .
so} . o f
(b) .4/’ l Fromb From
20} i '1wu‘ Ntom-
1 1 1 ] | (i i 1 i 1 1
T80 =70 =60 -30 -40 -30 -20 =10 O =10 0O +10 +20

TEMP. CHANGES (°C)

(a) Vertical temperature profiles at high latitudes for a

composite mid-winter warming and also the changes between

I and IT and between II and 1II.
profiles for Thumba, India.

(1972b).

70

(b) Vertical temperature

Dates as shown (after Labitszke,

R e v

Mz

B N T ST P D




LT R T S g b

!
~ s RN W ST
> T e
o — 2 - I =
o | -’ E =
- ” S /// .
— N T AN e
~— % ~— 1 /,%//////////\ =
28 = S °° 2 S %
=
J o
£ e i
. s T aatdw
S N N NN
S e g nmwwmw\ quV,/MMv D -
¢ ~ BN
N I -
8 A erag :
Wlh g == L B © b B
£z ZuaiW g I - "
W \\in z =)
Ao oot et = =

- o L e T T

o

=
3
SR Z
: Errmpieseeaale 1og 2
Z W LR 8=
- P mnrAltien /V,,//ﬂ,”,/ /u z
< M-i M:lls‘w/ A
a . =k
s W ///m/ W 7 gl
£ /L/;/V/z/ﬂaam: =g
3 =~ =
=2 ~— - e
2 = i3l 2
I P I
e Wi 5
s ¢ 8 & 3 e % & & 3

(AUG74 | SEPY 10CT INOV _ |DEC

ORIGINS pACE 1S

POOR QUALITY

[0

Height-time variation of the prevailing wind components:

Figure 6:

August 1974-August 1975.

Wind speeds in m/sec.
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CHAPTER VIII
MAP - The Middle Atmosphere Program

This report would not be complete without reference to the Middle k
Atmosphere Program of the Special Committee on Solar Terrestrial Physics

(SCOSTEP) of the International Council of Scientific Unions. Details of %

this program, which is designed to be to the middle atmosphere what GARP

is to the troposphere and the IMS is to the magnetosphere, may be found

in the MAP Planning Document (available from Dr. S. A. Bowhill, Department
of Electrical Engineering, University of Illinois 61801). A recent (1980)
update on the status of MAP in the U.S. is available as "The Middle Atmo-
sphere Program - Prospects for U.S. Participation" prepared by the Committee
on Solar Terrestrial Research of the Geophysics Research Board, and published
by the National Research Council, Washington, D.C. 20418,

While the major thrust of MAP has been delayed until 1982-85, pre-MAP
programs are underway. Pre-MAP 1, which has as its focus a better under-

standing of the effect on the upper atmosphere of winter polar stratospheric

warmings, was held during the northern hemisphere winter of 1978-79. A con- i
certed effort to better understand the phenomenon of anomalous radio wave - -%
absorption in the D region is planned for 1980-81, with the West Germans i ?

spearheading an international rocket program to make in situ measurements

in the meSosphere during the winter of 1980-81. Concurrent measurements of
- upper atmosphere dynamics using rocket released vapor trails and meteor

wind radars have and will continue to provide vital knowledge of the dynamics

of the upper mesosphere and lower thermosphere, a knowledge crucial to the

understanding of these "anomalous" events.
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Publications produced under Grants NsG-304-63 and NGL-11-002-004

Evening Twilfght Winds from 68 to 140 Kilometers for May 21, 1963, J. Geophys.
Res., 68, 6062-6063 (C.G. Justus, H.E. Edwards and D.C. Kurts).

(Letter)

Photographic Instrumentation for Triangulation Studies of Luminous Clouds in

the Upper Atmosphere, Appl. Optics, 3, 399-403, 1964 (M.M. Cooksey, Z.
Frentress, H.D. Edwa;ds;. e '

Ausreact: The position and velocity of clowds or other vhjecls moving thringh
the wpper atmaosphere are often determivied from o study of simaltaneais photo-
gre pirs tken from fseo or more absereing shations against a durkeped sky with o
Lackground of siars. With corvection for almospheric vefraction supplied hy
tubdes, the star backprownd is witlized to increase the qecuracy of camera grien.
tatton by corvecting ervors inherent in the cameva system produced by: 11y tilm
shrinbage (2 ligh! refraction in the gluss fiducial grid phite, and ($) Lt of the
ciimera soith respect o the lacal horizantad. Tecliniquies and empivical formulue
a edeveloped for use fn-aoalstic data processing with a digital comprier to the
orderof a thewsandih of w centimeter, The final procedure can produce angnlar
position determinations af 0.8 willivadiun, 4 method for accnrately determin.
Ly camera foeal lengehs is also presented,

A Method Employing Star Backgrounds for Improving the Accuracy of the Loca-
tions of Clouds or Objects in Space, Photogrammetric Engr., 3, 594-607,
1964 (C.G. Justus, H.D. Edwards and R.N. Fuller).

Tnstrumentation has been developed for obtaining triangulation photographs of luminous ¢louds in the
upper atmosphere,  These clouds are erented by the release of eheniicals-such as sodiom and: cesium
from rockets, “'he instrumentation s heen used oncapproximately eighty rocket firings,  Deseriptions
and opernting chirneteristios are given of the equippent. Observations have been made from the Air
Foree ranges at lghin Air Foree Buse, Florida, and Holliman Aie Foree Base, New Moxico, nid from the
NARA fent faeility at Wallaps Tstand, Vieginin, A moditied version of the K2 aeriad eamern with
T (178 em) 1020 opties was used and moanted on 60-in, (152-e0) searchlight carringes and Mk 51
gun directars. - Comern eontrol systen, datu chiiauber, fidaeinl lght system, shutter and filter system,
field ingtallution, and alignment, procedures uee deseribed,
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Ionospheric Winds: Motion into Night and Sporadic E Correlations, Space Res.
1v, 171-181, 1964 (N.W. Rosenberg, H.D. Edwards and J.W. Wright)’

Abstract: The persistence of night winds and shears for more than 5 hours after sunsot
at altitudes hetween 100 und 150 km was ovaluated during the COSPAR synoptie
ionosphoric winds progeam in Decomber 1962, The mothod used was to roleage
chemiluminous teails: from roekots botween 100 and 150 km with the times of
pelease heing 1720, 1800, 21456 and 2245 CS'T on 3 Decomber 1962, "The veleasa
timues wore vespectively 13 minutes before sunset at the 100 ki lovel and
28 ninuies, 4 hours 12 minutes and 8 hours 12 minutes post sunsot,. All roekots
were launched from the Aie Foreo Gulf Pests Bange, Fglin Aiv Foreo Base, Florida
at o longitide of 86,6" W and o lntitude of 29.6° N,

1t is believed that this is the fiest time such w morphology of winds and sheaes
theongh the Kepegion hns heen ande availuble, Compuvisons e made bebween
the winds and shears observed under night conditions with those for the prececding
twilight, perind, .

Theoretical discussions by Whitchewt ef al. have suggosted a wind shear origin
for sporadic £, High cast-west horvizontal wind shears in the ionosphere wind the
mntural magnetie tichd will wet on ionized species to stratify these into pelatively
high vertieal gradients,

The present puper reports on siinultancous measuramoents ol jionospheric wind
shenrs (ueasnred by chimilmineseont. tntils) and of spoviclie B (hy  sweep-
frecquency ionosondes), Ocearveneo ut the sane altitudes of pesimum: wind shoears
aned steong spovadie 1 lovels wan finmd, Tncones ease, for exinple (86,6 W,
SN, 1720 CNT, Devember 3, 1962) sporadie 2 was foand st 96 1 Kin bo
LO Me and nt 109 | 1 km at 6.2 Meo AL this timo, wind shoar maximan of
A5 /s ke bearing 857 3 ot 97 -1 1 K and of 60 an/y ki bearcigg 275° 1 at
109 4 1 ki were found,

These data tend to verity the correlation botween wind sheae and spordic K,

-

A Triangulation Technique for Linear Objects in Space, Photogrammetric Engr.,
31, 1020-1029, 1965 (H.P. Haney, W.M. Schofield and W.H. Wooten.

Ansiract; Corresponding points on films, laken from two diflerent sites, sf
linear object in spuce cannot be paired due to unknown foreshortening, 1The
usual tricngulation techiques must be vepluced by un iterative scheme to solve
the problem. The porticular wmethods developed in this puper are most useful
when graphical checks of analysis are desived. Furthermorve, the methods are
tutlored for easy computer programing and the closure techmiyie of the itcration
allows eusy-and quick convergence in puiring points, These niethods Inive been
nsed on chemical cloud releases tn spuce to determine winds and wind shears.
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Space and Time Correlations of lonospheric Winds, Radio Sci., 1, 149-155, 1966
(c.c. Justus and N.W. Rosenberg).

Sonospheric wind: patterns hietween 90 and 4150 Ky were studied by distortion of chemiluminons
vapor trails released Trom roekets,  Filteen teails, elosely puived in space o time.ave reported. Pro.
tiles show wellompanized sinnsoidad pattesns of ovgeeconstant wavelength, it the vertival conrdinane
i meisirend inimtegrited seale heights cather than Kilometers,  Dominant wivelength is 2 - seale
heights, similae in NS and EW componenis, and phase progresses dowpward ahiogt | wavelength per
nights Herizontully spaced teails show vertieal profile displacement corresponding b borvizmtal scales
of TOH- 3000 ko in NS wind, longer in EW profiles,  Viseous emergy dissipation from observer wives
is i sighificant heat souree at 150 ko altitode;

S Energy Balance of Turbulence in the Upper Atmosphere, J. Geophys. Res., 71,
3767-3773, 1966 (C.G. Justus).

Turbulent. winds obtained from chemical relense studies and turbulent diffusion observa-
tions of globule expansion can be used to obtain estimates of the torms in the energy halanee
equlion ¢, = € -} €4, where ¢, is the rate per unit miss at which energy is suppdied by wind
shears, and e, and ey are the rmtes per unit mass at wiich energy is dissipated by buoyaney
and viseous offeets, Both ¢, and ¢ are found to vary slowly with altitade, having values of
aboul 9.8 and 0.1 watt k™', vespectively, in the altitude ranze 8 to 110 k. However, vy in-
eroases rapidly with altitude, Thiy mapid inevense in e iz responsible for the globule euloff
observed at an average abitude of 108 km. Globule growth analysis indicales that extromely
rapid anomalous Jiffusion tikes place during the peviod approximately 100 to 150 sceonds after
release, As globule diameters inerense beyond the Jurgest scule of the anomulous growth region
they expand at a rate compurable to- thad of melecular diffusion for a period of approximately
50 seconds, after which a transition to d® ~ eq ¢* turbulent diffusion ocewrs

Dissipation of Wind Energy in the Height Range 80 to 140 Km, J. Geophys.
Res., 71, 4427-4428, 1966 (R.G. Roper).

(Letter)
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Atmospheric Turbulence in the Meteor Region, J. Geophys. Res., 71, 5758-5792,
1966 (R.G. Roper). —

In 1961 at Adelnide the atmospheric twbulence near 90 km was measured month 'y month
using a spaced-siation radio meteor technigue, The characteristics of the large-seale turbulent
motions gre found to be similar to those observed in the northern hemisphore, Chnrnctoristic
velocitios range from 23 to 40 m/sce and the lurge eddies are distinetly anirotropic; they huve
a horizantal seale of from 80 to-250 ki and a vertieal seale of 7 km, in keapung with a gravity s o
wave soupen of tarbatlent. energy. Sheaes mensyred over sopartions of 05 (o 35 ki are fonnd
to be charaeteristic of an apparvently incrtial speetrum, and. the tushialomt. dissipation rate :
ealeulated from these shenrs shows o niarked scusonal variation, with o aximum of 400 :
ergs/i zee in antumn and. spring and a.minimnim of 160 ergs/g see in suner and winter, :
There is a strong enrrelntion betweon the seasonal varintion of the turhbylent dissipation mte
and the ennrgy of thie 28hour component of the mean wind. The height shoar is of particular
i’ntumsﬁ, a8, in keeping with rocket vapor trail wind analysis, it follows an approximate 1.4
power law,
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The Eddy Diffusivities, Energy Balance Parameters, and Heatirq Rate of Upper
Atmospheric Turbulence, J. Geophys. Res., 72, 1035-1039, 1967 (C.G. Justus).

ST LRI N

(5. A

Wind profile and turbulent wind data obtuined from photographie tracking of rocket re- ; E
leased themical elouds linve been used to compute the thermul and momentum eddy dif- * :
fusivities Xy and Ay in the 90-110-km region, Faponential functions having a stuall inevease S
with altitude provide a reusonable representation of the mcan K, and K values, ‘The ratio .
KuiKy, the tabulent Prandd number, js found to be approgimately constant with o value
of thout 3, The mean K¢ ut 100 hanis about 150 wé/see, in rensonuble agresmont with pre-
vious estimntes, The exponewtinl functions for K¢ and K nre alse usid to oblain reyimed
estuiialen of the coergy badanee purameters and the tbalence heating eale in this altitude
riige,

The Spectrum and Scale of Upper Atmospheric Turbulence, J. Geophys. Res., ~1«.@
72, 1933-1940, 1967 (C.G. Justus). L

Turbulent winds determined by photographie tracking of chemieal release clouds are used
to deterinine the turbulence structure funetion in the 90-110-kin region, The ohservations
indicate that the turbulence structure function is approxitnately isotropic with a luge seale
of about d k. The turbulenes stietare funetion is found 1o vary, ag 2 in the 1= to 5-km seale :
range. However, there is insullivicnt, observationul data and theoretieal baehground to deter- %
mine i this is n true inertind seale range or s o ‘psendo-inevtinl’ region in which wind shear
production and buoyaney loss ave approsimately halead, leading to no net loss from the
gpeetram, Strgeture funetions of the total wind profife are also discussed and: related to a
possible forni for the gruvity wave spectrum, .-
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The Velocity Probability Density of Upper Atmospheric Turbulence, J. Geophys.

Res., 72, 2460-2462, 1967 (C.G. Justus and W.B. Moseley).

(Letter)

Turbulence in the Lower Thermosphere, with W, G. Elford, Space Res. vil,

42-54, 1967 (R.G. Roper).

Abstract. Results of studies of wind shears in the lower thermosphere (80-120 km)
by means of observations of chemiluminescent trails and melecor trails are
summarized. The motion is highly anisotropic - in-the height range 80-100 km
typical seales ave 200 km horizontal and 5-10 km vertical. The horizontai mo-
tions exhibit the characteristies of an inertinl subrange of cddics.,

The rate of dissipation of turbulent encrgy increases exponentinlly over the
height range 80-105 km, with an average value of 3 x 107 W/kg at 93 km. The

cquivalent heating rates of the atmosphere over this same height range arg 1-3%K

per day. Turbulence deereases rapidly above 105 km., ,
Below 100 kin the meteor observations indicate that there is a strong seasonal

variation in the rate of dissipation of turbulent energy; at 93 km a minimum value

of 1,5 x 107 W/kg occurs in summer and winter, and a maximum value of
3.5 x 10~2 W/kg during spring and auiumn,

Reply (to Discussion of a Paper by C.G. Justus "Enerqy Balance of Turbulence
in the Upper Atmosphere"), J. Geophys. Res., 73, 455-458, 1968 (C.G. Justus).

(Letter)

Atmospheric Tides in the Height Region 90 to 120 Kilometers, J. Geophys. Res..,

73, 467-478, 1968 (C.G. Justus and A. Woodrum).

Winds determined from chemical releuse trails in the 90- (0 120-km vegion (prinsarily from
the carly und middle fall scason) are anulyzed by & method that is an extension of the
method used by Hines for the determination of the dinenal tide, This method ds designed to
reveal the prevailing, diarnal, and semidivenal components, A dinrnal tide is compured (hat
hag a vertical wavelength (19 == 1 km) in agrecment with the measurements of Hies and
with tidud theory predictions for the (1, 8% maode, Thee observed heipht, variation of the pre-
vailing wind can most easily be explained in terms of o wave whose vertical wivelengih is
27+ 5 km, The small obisorved nugenitude of the semidivmal tide indieates that there is
considerable seasoual variadion of this component, sinee o favge semidiuenad tide has presviously
been observed during pertods near the simmer and winter solstices, Observed phage ditlor-
ences hetween the northward and enstward components of the prevailing and tidal winds are
discussed, Some suggestiony for improvements in the tidal exteaction analysis method are
also given.
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Some Observations of Turbulence in the 90 to 110 Kn Region of the Upper
atmos?here, AMS Meteoro. Mono., 31, 122-128, 1968 (C.G. Justus and R.G.
oper).

.
;
:

MISTRACT L

Some reeent measurements of turbutence in the 80-110 km region obtained by both the radio-meteor amd
chemical release methads are sunimarized, The velocity probability density, the structure function, eddy
diffumivities, heating rate, and the altitude and seasomal variation of the energy balance parameters of the
turbidence are discussed, Some aspects of the apparent disagreement hetween meteor trail and chemical re-
Tease measnrements are presented, and a proposed qualitative model is offered for the bebavior of tirbolence
in this region of the atmasphere and for the interpretation of the experimental resilts, This model aseribs
the chemsical release wind flpctwtions and the smalbscale meteor wind ditferenves 1o turfmbenee, bt at-
Tributes. the largesscale meteor wind fuctiations w gravity wave action, Dissipaetin of tidal sind gravity
wave energy is proposed as o souree of te tirbulesee energyy, sind some speets of the wave-to-tnrbulence
transfer are diseussed,
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Measurement of the Magnitude of the Irregular Winds in the Altitude Region
Near 100 Kilometers, J. Geophys. Res., 73, 7535-7537, 1968 (C.G. Justus
5 and A, Woodrum). —"

(Letter) £, ;

Measurements of Tidal Period Winds in the 95 t
o 135 Km Region, J. Geophys.
Res., 74(16), 4099-4104, 1969 (C.G. Justus, A. Woodrum and R.G. Roper).

A method developed by G, V., Groves for the analysis of metror winds hins been used
on chomival release wind dutn from voekers, Veloeity aosplitides, phises, and mnplitnde eevors
for winds.with periods of 8, 12, and 21 hours were computed i the Y- 1o BS-Kt region. An
average witd, assumid o represent w vonstant prevading wind was also emnpaited in this
altitmde range, Vertieal wavelengths and plase difforenees of the noethwmed and eastward
eomponents of the prevailing and tdad winds wee ealedated and eompared with recent restlis,
Dissipulive forees arve also shown to beoaeting on the propagatiog divennd amd soinidivenal
tides in the height range fron 95 1o 135 Xin.
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Dissipation and Diffusion by Turbulence and Irregular Winds Near 100 Kw,
J. Atmos. Sci., 26(5), 1137-1141, 1969 (C.G. Justus).

ABSTRACT

; A review is given of some recent measurements of the following energy balunee parameters in the 90-110
ki hediht regions e, the viscous dissipation of kinetic energy by shears $n Al mean winds; eq, the viscous
dissipation of kinetic energy by shears in the turbulent winds; «, the transfer of kinetic energy from the
e wntion to the turbalent motion; ¢, the transfer of rbulent kinetle energy to potential envrgy by
!nm):mwy petion; wl e the rste of dissipation of wive energy of tides and ireegubae winds interpreted as
gravity witves, Some mewsurements of e growth sates of globmbar stractuee an chemicad release oy
wind the geowth eate of intergiobndisr disvances are presented, FThese data indicate that e diffusion e
i i a mistuse of the G40 variation expected Jor the difusion of o point fror §ts initial position with the
eal* virriation expecied for the yariation of the separation hetween paies of points,

;’ A Theory for the Energy Spectrum of Shear-Dependent Turbulence, J. Atmos.
L e Sci., 26(6), 1238-1244, 1969 (C.G. Justus).

T A ey

ABSTRACT

N theary for the theee dimenstonal energy spectrane of penrly dsotrapne shoar-depetdont tarbulener s
presented. Fhis theary is based an the author's general wael for shearalepemdent tuchnlence and g noditied
Pao specteal teansfer theors which wecotnts for the effects of viscous foss, shear preaduetion, and mertial and
selocity gradieat transfer in aonstationary turbulence, The reseltant spected fransfer cquation s salved
in closed form for the case of complete similarity, The snadl wavenumber stationary Goergg speetan is . ‘
shown to vary as &4, The smadl wavenumber nonstitionary solution varies as &%, where # can fimv o values 3
from 1-4. One-dimensionn) speetrs are computed numerieally and compared with the turimlenee spectrn :
observesd for wind tunnel turbulence with a wide rumee of Reynolds numbers, ‘The theory successfully
predicts several features of the observed speetra at both high and low wiavennnbers as well as in the inertinl
region,
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Distribution and Structure of Irregular Winds Near 100 Km, J. Geophys. Res..
75, 2171-2178, 1970 (C.G. Justus).

The velocity distribution and stracture function of irregninr winds near the 100k level
are prosented, The rvegnlar winds were mensnred by differmeime ehemiea] relenasa wind
profiles determinid at times different by an integend multiple of 24 hows mud by compnting
the deviations from the 3-day mean of winds at the smne time of day, There is o signifieant
vaviation of the rms ireegolae witds hetween the 00=and Via-km limits over whieh He v were
monsured, The newmibudes and varidions withe alfitude aee found 10 be pessonably cunilae
for duta obtained feon Pelio AVB, Florue Yo Avizogic; atd Barbados, West biidies, The
disteibutions of drveguhe witeds secia to depart shiglitly frome o Gadsstan disteibition, fo
particular, 1 bow vadue of the fatiess fuetor has Doen sueasaned consistently, The altitade and
time stracture futetions of e drregalne winds indiente o ehareteristie vortiend wivelensth of
about 46 Kk and Giime seales of up o 200 hours, The observed straeture funetions over small
geades (2-8 b for the vertival steture function, shout € hours for the tme stroetseae fn -
tion). follow u power luw varintion with an esponent vadue near 372, Vhis miny vesdt from an
energy speetrim of drregulay winds fhat varics s fhe —5/2 power of wive by and
fieguencey,
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Response of Winds in the 90 to 140 Km Altitude Region to Variations in Solar
Activity, J. Geopnys. Res., 75, 5565-5570, 1970 (C.G. Justus and J.E. Hicks).

:

Winds -determined from 52 photographically traeked teails of rocket-horne chemicad relouses
in the 90- to 140-kns altitude pange, lunehed hefween Oetoher of 1962 and June of 1966,
are psed in both w eevielation adysis and a linoar vegression anulysis with severnd solne and
geonmgnetie disturbanee indiees, Rosabts indieate that - the altitnde intorvad considered may
b braken up into two. distinetly different vegions of sl influenee: the regions above aid
helow 110 ke, Nignifieont inereases in the geons-aetie indes Kpoover a0 th-hour interyal
eetterod on e time bug of 20 hours aftoe inereases o nbmosphierie cirealntion below 110 km
migeest  vither a dynaiig type - of internetion or an inerease in the geomsignetic fiold
strength, produced by corpuseular eadintion which lags behind the eloetromagnetie radintion
id aecompanying atmospherie cirenlation variations, Apparently contintons ussovindions,
with indieated periods of ahout one solar rotation, botween hoth the solie melio noise indox
Fua and the Zurich sunspot number K, and the porthward wind component magnitude ahoyve
1O ke indiente that Jong-tern variations in the winds in this region wee related to similir
varintions in sobw BUV radiation,
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Thermospheric Observations Combining Chemical Seeding and Ground Based Tech-
r‘quest, Planet, Space Sci,, 20, 761-789, 1972 (D. Rees, K.H. Lloyd. C.H.
tow, B.J. McAvaney, and R.G. Roper).

Abstenct—-Two Skylark sounding rockets carrying. chemical seeding paylouds were launched
from Woomern, South Australiac (318, 137°E) in October 1969, Tnv conjunction with these
firings, the University of adeliide conducted ground-based experinients on the upper atimos-
phere using the radiv meteor and spaced receiver drift methods, “This paper presents the meas-
urements of properties ol the neatral atimosphere above 90 ki which were obtained from these
experiments,

Upper Atmospheric Planetary Wave and Gravity Wave Observations, J. Atmos.
5ci., 30, 1267-1275, 1973 (C.G. Justus and A. Woodrum).

ABSTRACT

Previously collected data on atmospheric pressure, density, temperature and winds hetween 23 and 200kni
from sources indluding Meteorologival Rocket Network data, ROBIN falling sphere data, grevade release
and pitot tube dati, megeor wineds, Chemieal release winds, satellite datiy, and others were analy zed by a
daily difference nwthard, and results on the meggnitude of atmosphetic perturdaaions inerpreted as aravity
waves and planctary waves ure presented. Traveling planetary-wave contributions in the 28 85 ko range
were found 10 have a significant height and kaitwdinal variaton. 16 was founid that ebserved gravity . wave
density perturbations and witd are related to one unother in the minner predic ted by gravity-wave ll};':»r\ .
11 was determimed thay, on the average, gravity-wave soergy deposition or retlection acoups at all altinudes
exgept the 55-75 ki region of the mesosphere,
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The Measurement of Meteor Winds Over Atlanta, Radio Sci.. 10, 363-369, 1975
(R.G. Roper). -

o bie s e R 2

An all-sky, continuous wave radio meteor wind facility hus been installed in Atlanta by the
Georgin Institute of Technology under Nationul Science Foundation sponsorship. A double sidebind
suppressed corrier CW transmitivr, operating on 32,5 MUz © 360 Nz, with an ris outpas of
2 Kw, hus heen instabied on the Georgia Feeh campuas, snd i receiving site established at Technology
Park / Atlunta, 27 km northeast of the campus, Details of the equipment, together with height /time
profiles of mean wind circulation and tides between 80 and 100 kin, measared from cagast 9
o September 4, 1974, are presented.

AR N PO 2N

A Global Reference Atmospheric Model for Surface to Orbital Altitudes, J.

Appl. Meteorol., 15, 3-9, 1976 (C.G. Justus, A. Woodrum, R.G. Roper, and
0.E. Smith).

AUSTRACT

An empirical atmospheric model has heen developed which generates values for pressure, density, tem-
perature and winds from surface levels to orbital altitudes. ‘The output parameters consist of components for;
1) dutivude, dongitude, and altitude dependent monthly means; 2) quasibiennial oscillttions; and 3) candom
perturbiastions to partially simulaste the variabifity due to synoptic, diurnal, planctary wave and gravity waye
" vitriations, ‘The monthly nican models consist of : (i) NASA's four dimensional worldwide mordel, developed
L by Environmental Rescarch and ‘Technology, for height, lstitude, and longitude dependent monthly means
'-?' from the surface to 28 kmj; and (i) 4 newly developed lntitude-longitude dependent model which is an ex-

L tension of the Groves tatitude dependent model for the region between 25 and 90 km, The Jacchia 1970
» madel is used above 90 kn und is faired with the modified Groves vilues between %0 and 115 km, Quasi: :
hiennial and random variation perturbations are computed from parameters determined from various empiri- ]
cal studies, and are added to the monthly mesn values, ‘This model has been developed as a computer program :
which can be used to generate altitude profiles of atmospheric variables for any month at any desired loca-
tion, or to evatuate atmospheric parameters along any simulated trajectory through the atmosphere, Various :
applications of the madel are discussed, und results are presented which show that good simulation of the 3
thermodynamic and circulation characteristics of the atmosphere can be achieved with the model.

Turbulence in the Lower Thermosphere, Chapter 7 of "The Upper Atmosphere and ] i
Magnetosphere", F.S. Johnson, ed., one of the Studies in Geophysics pub. S
by the National Academy of Sciences, Washington, D.C., 1977 (R.G. Roper). ;

(See Chapter 2)
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Winds from the Atlanta (34°N, 84°4) Radio Meteor Facility, J. Atmos. Terrest.
Phys., 40, 891-894, 1978 (R.G. Roper).

Abstract—A brief description of the Georgia Tech radio meteor wind facility is followed by a tabular
presentation and discussion of winds measured over Atlanta (34°N, 84°W) for the first three intervals
of the URSI/IAGA Couvperative Tidul Observations Program (CTOP), The pervailing zonal wind
measured during August 1974, being casterly, is significantly different from that measured during
Ogtober 1975 and January 1976, and is not typical of winds measured in August 1975 and August
1976, when westerlies predominated. The complicated tidal picture is detatled, but is not easily
summarized.

E A Comparison Between Radio Meteor and Airglow Winds, J. Geomag. Geoelectr.,
: 31, 419-426, 1979 (G. Hernandez and R.G. Roper).

%

A comparison between the winds near 97 kilometers altitude has been made

; from observations of the 17924K (5577A) O line emission at Fritz Peak Obscrvatory
(398N, 195.5W and with a meteor vadue Tacility at Atlunta (34N, 84W), lom Au-
gust 1974 to November 1975, Since the optival ensission mcasurements are minde
only at night, the nightiime meteor rudar measurements have been used, weighted
by an airglow emission rate profile, The eosults show general agreenient in both
the zonal and meridional wind vectors, but with the varistions in the amplitude of
the meridional winds at the northernmost station (Fritz Peak Observatory) larger
than those at Atlanta, a result oi the smoothing inherent i producing the meteor
wintds,

auy
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