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ABSTRACT

;

An Analysis of Apparent-Motion Vectors in, and :,
y

the Structure of, a Mid-Latitude Sporadic E Jﬁ
Layer using a 2.66 MHz Radar yl

by B

Timothy Dayton Halderman, Master of Science

Utah State University, 1987

Major Professor: Dr. Gene W. Adams

Department: Soil Science and Biometeorology 5.
'RWe used the 2.66 MHz Imaging Middle-Atmosphere Geophysical Radar ;g
( IMAGER) located at Boot Lake, Colorado, to collect data on mid- G:
Tatitude sporadic £ layers found near 100 km. Analysis of the data gz‘
shows apparent-motion vectors, in a.20 km altitude range in and near ﬁ;f
the layers, of 200-300 m/s on one occasion and 160 m/s on another. 3:
In each case, these motions were toward the west and south. We in- SE
terpret these results as phase motions of internal gravity waves, or Ea
"ripples,* moving through the lower thermosphere, rather than bulk
wind motions. Possible lower atmosphere source regions for these it
internal gravity waves are identified. The sporadic E "layers" i;
appeared to consist of irregularly shaped patches with scale sizes E;
being approximately 15 km. The heights of the individual patches E?
appeared to vary as much as 3 km while the mean height of the layer §?

varied from 106 km to as low as 96 km. We also had a 5-point
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tilting-filter photometer available which enabled us to calculate
apparent-motions at similar altitudes. The results showed motion
toward the north at approximately 100 m/s, significantly different,

in both direction and speed, than the results from the radar. .
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ABSTRACT

An Analysis of Apparent-Motion Vectors in, and
the Structure of, a Mid-Latitude Sporadic E

Layer using a 2.66 MHz Radar

by

Timothy Dayton Halderman, Master of Science
Utah State University, 1987
Major Professor: Dr. Gene W. Adams
Department: Soil Science and Biometeorology
We used the 2.66 MHz Imaging Middle-Atmosphere Geophysical Radar
(IMAGER) located at Boot Lake, Colorado, to collect data on mid-
latitude sporadic E layers found near 100 km. Analysis of the data
shows apparent-motion vectors, in a 20 km altitude range in and near
the layers, of 200-300 m/s on one occasion and 160 m/s on another.
In each case, these motions were toward the west and south. We in-
terpret these results as phase motions of internal gravity waves, or
“ripples," moving through the lower thermosphere, rather than bulk
wind motions. Possible lower atmosphere source regions for these
internal gravity waves are identified. The sporadic E "layers"
appeared to consist of irreqularly shaped patches with scale sizes
being approximately 15 km. The heights of the individual patches
appeared to vary as much as 3 km while the mean height of the layer

varied from 106 km to as low as 96 km. We also had a 5-point
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tilting-filter photometer available which enabled us to calculate
! apparent-motions at similar altitudes. The results showed motion
toward the north at approximately 100 m/s, significantly different,

in both direction and speed, than the results from the radar.
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CHAPTER I
INTRODUCTION

The advent of space flight brought with it an urgent need to :
better understand the earth's upper atmosphere. A great deal of
' progress has been made in the last thirty years observationally and

theoretically, but there are still many physical and chemical processes ]

that are not yet well understood.

Processes in the upper mesosphere and lower thermosphere are
especially difficult to describe for both observational and theoreti-
cal reasons. These regions are virtually inaccessible to long term
direct measurement such as is possible in the lower atmosphere.
Balloon and aircraft instrumentation can't reach these heights;
rocketsonde lifetimes are only on the order of minutes. Remote
sensing equipment such as the iongsonde and the incoherent-scatter :
radar have probably contributed the most toward our present under-
standing, but these instruments are somewhat limited in their ability
to view the horizontal structure of the atmosphere. Satellites have
eliminated this problem to some degree, but they are poor in terms of
temporal resolution at a given point,

From a theoretical standpoint this portion of the earth's atmo- :
sphere also provides the aeronomer, the physicist, the chemist with a \
great challenge. He must consider charged particle motions in the

earth's magnetic field, plasma-neutral particle interactions, and

plasma instabilities in addition to the neutral particle motions he
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may already be familiar with fromstudy of the lower atmosphere. There
is a positive side in having to consider ionized particles. The ground-
based radar systems that probe the atmosphere depend on changes in the
index of refraction to operate. In the lower atmosphere, changes in
this index are caused primarily by variations in the pressure, temper-
ature, or humidity of the medium. In the ionosphere, changes in the
electron number density are primarily responsible for changes in the
index of refraction. Radar systéms then respond very well to changes
in ionization and therefore can in some sense measure the ionosphere.

The researcher must also add internal gravity waves and tidal
waves to his list of things to consider. At mid-latitudes, many
processes exhibit 12 and 24-hour periodicities, reflecting the semi-
diurnal and diurnal components of the tides. On top of this, there
are many irregularities with periods of 3 hours or less that are thought
to be caused by internal gravity waves, launched in the lower atmo-
sphere, propagating through the ionosphere.

It is these short period irregularities that we focus on for the
remainder of this work. In particular, we will consider apparent-
motions associated with these short period disturbances.

By the time a gravity wave reaches the lower ionosphere, the wind
perturbations associated with it are quite large, having grown expo-
nentially with height in response to the exponentially decreasing
number density. These winds redistribute the ionization into what is
observed as an ionospheric irregularity that moves at the phase veloci-
ty of the gravity wave (Beer, 1974). This irregularity is the manifes-
tation of the internal gravity wave moving through the ionosphere and

is often called a "traveling ionospheric disturbance," or TID.
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In this work, we use coincident 2.66 MHz Doppler interferometer
radar and 557.7 nm atomic oxygen emission measurements to study ap-
parent-motions in the lower E region. We use the term "apparent-
motions"” because there has been some debate in the past as to the
interpretation of motions measured with the Doppler shift of the re-
turned radar pulses (Adams et al., 1986b), the two alternatives being
phase motions as described above or neutral wind velocities.

The Doppler interferometer also provides the capability to view
the horizontal structure of the atmosphere. Here we use this capa-

bility to examine the structure of a mid-latitude sporadic E layer.

Objectives

We have chosen two days for analysis: June 24-25, 1984 and
June'29-30, 1984. These particular days were chosen because sporadic
E was present on each occasion for at least two consecutive hours
during the observation period. This long term presence provided the
ionization necessary for us to use the Doppler interferometry tech-
niques described in Chapter III. The latter of the two days was also
extremely active at optical wave-lengths throughout the night. Atomic
oxygen emissions at 557.7 nm provided a second, independent method of
determining apparent motions at similar altitudes. The specific ob-
jectives of this research are as follows:

1) Use Doppler interferometry analysis to determine apparent-

motion vectors in the lower E region. Discuss and interpret
the results in terms of neutral wind velocities and/or

phase velocities associated with TIDs.
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Determine apparent-motion vectors from the 557.7 nm atomic

oxygen emission curves and compare these results to the
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CHAPTER II
LITERATURE REVIEW

Traveling Ionospheric Disturbances

Hines (1960) first proposed that the many irregularities seen in
the upper atmosphere were caused by acoustic-gravity waves moving
through that region. In this classic paper he not only developed the
dispersion relation describing these waves, he applied them to the
irregular phenomena seen up to that day and showed they could, in
large part, be explained by these waves. This work has been the foun-
dation for much of the progress made in describing inonospheric irregu-
larities. Before discussing the published results on TIDs a brief
review of the properties of acouétic-gravity waves is appropriate.

The earth's atmosphere is in large part stably stratified. This
means a parcel of air displaced vertically (up or down) will tend to
return to that initial pesition. The buoyancy force is responsible
for its return to the equilibrium position. When buoyancy forces are
comparable in magnitude to pressure gradient forces the resulting
waves are called acoustic gravity-waves.

The three basic equations describing conservation of momentum,

energy, and mass are the starting point for understanding acoustic-

gravity wave motions. These are given below.




__a_p_+u-Vp=c2 (-—g-t”—+'ivp) (2.2)
ot
28 4+ v (pT) = 0 (2.3)

Here, p represents the atmospheric pressure, p the atmospheric
density, U the neutral wind velocity, and ¢ the speed of sound. By
neglecting Coriolis and viscous effects and considering only inertial,
buoyancy, and pressure gradient forces, several terms have been elimi-
nated in equations 2.1-2.3.

To further simplify we assume an isothermal, motionless atmo-

sphere. These are rather severe restrictions, particularly in the

A
‘;’;‘J -“:

lower thermosphere; however, the intent here is to obtain only a

AL
»

-~

general understanding of gravity waves. By further assuming that
perturbations are small compared to the quantities themselves, linear-

ized forms of equations 2.1-2.3 can be written as follows:

p°a_:%‘x = :2" (2.4)
e 0y (2.5)
%*“u ‘;‘ZE - gt 12 30 (2.6)
St o, BT+ 4 éuxﬁ +a;% - 0 (2.7)
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(Beer, 1974). Here the values subscripted with 1 indicate the per- ::
Y
turbed values while those subscripted with O represent unperturbed
-
o,
quantities. Note the momentum equation has been expressed in scalar Q;
form in the x and z-directions. By neglecting Coriolis effects we are Eﬁ
oA
limiting the size and period of the waves considered to less than i
several hundred kilometers and less than about 4 hours, respectively. :E
s
Waves larger than this are considered tidal motions and would be Lj
covered under tidal theory. ¢
By assuming the perturbed guantities are varying sinusoidally f{
such that, -
pl/pop = pl/ poR = le/X = UlZ/Z = :i
N ::)l
Ao exp [i(ot- KX - Kzz)] (2.8) o
"~
a matrix of four linear equations in four variables (pl/po, pl/ Por ;2
r"
Uy, and Ulz) can be formed whose solution, when the matrix is set to ;N
Fa
zero, is qgiven by the following:
N
=
Wb - w2 (k2 kD (v-1) kP +ivg w2k, =0 (2.9)
X bd X 2 iy
=)
This is the dispersion relation relating the circular wave frequency
~n
w to the constant complex wave numbers K - and K,. Here, ¥ is the o~
¥
ratio of specific heats (Cp/Cv). Note, no Ky term appears in this &
equation because a rotation of the coordinate system such that x is )
in the direction of horizontal phase propagation eliminates the need ﬁi‘
Yo
for this term. The polarization terms P, R, X, and Z relate the magni- :l
ARy
tudes and phases of the changes in pressure, density, and horizontal
and vertical motions. They are assumed constant and are given below: ::
[,
>
1%
[
Y
]
:.-._.-\-,;._..J',_._z_:-<_..:-':‘_J-,_..';'.__\-\'..r;;.:.,_.::.l-.'..-_\‘.:_q';.:_._\.‘c_..'_".-\.::_‘.-_:.-.- *_"_u" -_.~' R .-\_:‘-_.‘-::;-‘_r'-'_.‘-:.'-'.
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o= ol -iv g w¥/cf (2.10)
R o= WPk, +i(y-1) gk? - irge?/cf (2.11)
X =  wKKc® - igawkK (2.12)
Xz X )
A R (2.13)
(Hines, 1960). ?
| Equations 2.9-2.13 are the basis for describing the character- a
2y
istics of gravity waves. First of all we note in equation 2.9 that -
Kx and KZ can't both be purely real and non-zero. If we assume that .

Ky =k, (Kx has only a real component) then K, must have an imaginary

component. The real and imaginary components of equations 2.9 are

given by

2 2, 2 !
W4 mZCZ (kf + kf ) - [Im(KZ]2 - o'y Im(Kz)+(y -1)g k, =0 :
(2.14) b
and X
wly 2.2 _ -
gRe(KZ) -2w°C Re(KZ)Im(KZ) =0 (2.19) )
There are two different conditions that satisfy equation 2.15, either 3

Re(KZ) =0, or Im(Kz) = Yg/2c2. The first of these corresponds to

the evanescent wave mode where there are no phase variations in the

vertical. The second Teads to the acoustic-gravity waves we are

interested in looking at.




By substituting the second solution into equation 2.9, two sepa-
rate frequency ranges emerge as solutions. These can be-seen in the
constant kZ contour graph shown in Figure 1 as the acoustic wave region
where o > wys and the internal gravity wave region where w <wpge
The frequencies ®y and wg are the acoustic cut-off frequency and the

isothermal Brunt-Vaisala frequencies, respectively. These frequencies

are given by

= Y9
@y e (2.16)
and 3
_ y -1
g = T (2.17)

The region between these two frequencies is the evanescent mode region
where kZ = 0. This means that gravity wave period must be greater than
the Brunt-Vaisala period which is about 4 minutes in the lower thermo-
sphere.

The group velocity (dw /dk) and phase velocity ( « /k) in the x
and z-directions can be obtained from the dispersion relation (equation
2.9). We won't go through the mathematical steps or write down the
equations here, but simply point out two important facts regarding
these quantities. First, the horizontal phase and group velocities of
a gravity wave are in the same direction while the vertical components
are in opposite directions. This means if a gravity wave is propagat-
ing upward from the lower atmosphere the phase of the wave will be
directed downward and radar observations of the associated irregularity
would show a downward drift motion. It should also be pointed out that
the horizontal and vertical phase velocities are not actually components

of the total phase velocity, but are related in the following manner:

. ‘ -

-----

AR AR AN

e a e
.

PR A,

RN

“ he e
.

EaP I

PN

12
3

el

AL

Xy
Y

)

.
2ty

TN NS T

a0y

x5



Sop « -
Vpd oy fap Vap igb vop 4 TR 1R 0 a0 At P2t o B 2t 202 A<a 802 S8 B'2 2°2 8%s A9 AY 0. 8'20"R 0 80" ) S 2.0 B Bat Aab

wj

acoustic
waves

Wg =" — — . SVENESC

frequency

vghb — — - — — — — A

/ gravity

/ waves

Fig. 1. Acoustic-gravity wave dispersion curves for
constant kZ contours.
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2 _ 2 2
1/Vp = 1/VX + 1/VZ (2.18)

(Beer, 1974). Thus, a very large horizontal phase velocity contributes
lTittle to the total phase velocity of a wave.

A schematic diagram of a gravity wave propagating obliquely upward
through the atmosphere is shown in Figure 2. The velocity perturbations
perpendicular to the direction of the phase motion are responsibie for

driving parcels of air above and below their equilibrium positions.

This in turn causes alternating areas of compression and rarefraction ;;
e
at the positions noted. It should also be noted the amplitude of the $:
[l
Y
T

perturbations increases exponentially with altitude, their magnitude
being estimated at approximately 50 m/s at lower thermospheric heights
(Kochansky, 1964; Hines, 1966).

Francis' (1973, page 10) description sums up gravity waves and
their effects succinctly:

Putting together all of these properties, a rather peculiar

picture emerges - a wave packet propagating obliquely upward

containing within 1t transverse velocity oscillations which grow
exponentially as the wave propagates, and whose phase structure
propagates downward, perpendicular to the motion of the wave
packet as a whole.

As a wave moves by a point in space individual parcels trace out
elliptical orbits. Figure 3 illustrates the various shapes of these
ellipses in the x-z plane for different values of the refractive in-
dices (here labeled as M ) in the horizontal and vertical directions.
In the figure, Y is the ratio between the isothermai value of the

Brunt-Vaisala frequency and the frequency of the wave in question; the

larger the value, the greater the period of the wave. Thus, we see the

longer the period of the wave, the more elongated the orbit. At the
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same time, the longer the period, the smaller the angle between the
group velocity and the horizontal, i.e., long period gravity waves
propagate nearly horizontally. At kz = 0 (i.e. horizontal propaga-
tion only), the motion of the parcel is circular when W= wB/vff
We also note for propagation in the positive x-direction the motion
at the top of the ellipse is in the same direction as the direction
of propagation.

The preceding discussion of gravity waves was very simplified
because of the large number of assumptions made at the outset. The
fact that the atmosphere is not isothermal and windless means gravity
waves can be reflected, refracted, or ducted at different heights
depending on the changes of these quantities with height. Neither
was viscous dissipation of the wave energy considered. Critical
levels exist where the phase velocity of the wave is the same as that
of the background velocities. At these levels the energy of the wave
is transferred to the background wind. These processes tend to re-
strict the number of waves reaching the lower }hermosphere. The dis-
cussion of all these different processes due to variations from an
isothermal atmosphere is beyund the scope of this work. Further in-
formation on these subjects can be found in the collection of Hines'
work (Hines, 1974a).

Tidal waves are also quite important in the ionosphere. Their
contributions to atmospheric motion are believed comparable to gravity
wave effects (Hines, 1963). The equations describing these waves in
the atmosphere are similar to those describing gravity waves, except

Coriolis forces must be considered because of the longer time scale.

In general, motions associated with the solar tides rotate clockwise
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in the northern hemisphere with time on diurnal and semidurnal basis.
Chapman and Lindzen (1970) offer an excellent starting point for review
of tidal motions.

The speed of propagation of traveling ionospheric disturbances has
been measured, using a variety of techniques, since the 1940's. Munro
(1948, 1950) was the first to report short period horizontal and verti-
cal movements in the jonosphere. He used a trio of spaced transmitters
(5.8 MHz) with a receiver at one of the transmitting points to record
the passage of these "disturbances" over his observation system. Since
his time many others have also measured this same phenomenon using a
wide variety of techniques. Table 1 provides a summary of the tech-
niques and results seen by others. Here, the phase propagation velocity
and the region where the activity was seen have been focused on rather
than the periods of the gravity waves. As can be seen in Table 1, much
of the early literature focused on TIDs in the F region. It is only in
the last 10 years that research efforts have moved down into the E
region.

To make some sense out of this seemingly random table of observa-
tions, Georges (1968) divided the results into two broad categories:
Large scale traveling ionospheric disturbances (LSTIDs), and medium
scale traveling ionospheric disturbances (MSTIDs). To LSTIDs he
assigned the following characteristics:

1) Large horizontal wavelengths (1000 to 5000 km) and

relatively long periods (30< r <180 min).
2) Large amplitudes, and relatively infrequent occurrences

that are well correlated with geomagnetic activity.
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3) Fast horizontal propagation speeds (300 < V, < 1000 m/s).

4) Propagation direction toward the equator.

MSTIDs are smaller in all respects with wavelengths between 100 and 500
km, periods of 15 to 60 minutes, and propagation speeds of 100 to 300
m/s.

It is apparent, if we accept this categorization, that most of the
results in Table 1 fit the medium scale TID category in terms of propa-
gation speed. Equatorward propagation of disturbances in the F region
seems to be a common feature of many of the observations. Directions
in the E region are much more variable and are often described as being
perpendicular to the mean winds measured at the same altitude (Freund
and Jacka , 1979; Meek and Manson, 1983; Meek et al., 1985; Waldock and

Jones, 1986) even though several authors have shown a connection between

irregularities in the two regions (Bowman, 1968; van Eyken et al., 1982).
There have been several sources proposed for gravity wave motions

in the ionosphere. Weather phenomena such as large thunderstorms

(Georges, 1968; Davies and Jones, 1971), surface fronts (Freund and

Jacka , 1979), jetstream maxima (Hines, 1974a), large scale low pressure

T systems in the troposphere (Mercier, 1986), and lee waves near mountain
§;§§ ranges (Beer, 1974) have all been suggested. An auroral source region
éf:ii has also been suggested (Chan and Villard, 1962; Hunsucker and Tveten,

ol 1967; Goodwin, 1968; Georges, 1968). This is especially attractive
§§: ; since many results indicate equatorward motion.
&é?gé Tidal motions have also been mentioned as a source for the gener-
DY

ation of gravity waves. Lindzen (1968) showed that the diurnal tide

a0 could become unstable in the region between 80 and 120 km. Tidal waves
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propagating upward would tend to break here because the Brunt-Vaisala
frequency reaches its lowest value anywhere in the atmosphere in this
region. The Brunt-Vaisala frequency appears in the numerator of the

Richardson number, given by
. 2 2
Ri = (wp)é/(2U/az) (2.19)

which is often used as an indicator for the onset of turbulence, the
critical value being approximately 0.25. This mechanism would provide
a continuous source for gravity waves, which supports the observations
of Gross (1983) and Kelder and Spoelstra (1987). Tidally generated
waves would also tend to show a rotation in the clockwise direction as

was previously noted.

Formation and Structure of
Mid-lLatitude Sporadic E

Rocketsonde measurements, with vertical resolutions as fine as 10
meters, show that sporadic E is made up of thin layers of enhanced
ionization usually between 1 and 3 km thick (Smith and Mechtly, 1972).
These layers are found in the lower E region between 90 and 120 km.
Sporadic implies the unpredictable occurrence of a phenomenon in time
and space. This characteristic is true in both senses only for mid-
latitude sporadic E (Hargreaves, 1979; Leighton et al., 1962). Here,
we define mid-latitude as being greater than ¥ 4° magnetic dip angle
and less than * 60° magnetic latitude (Whitehead, 1970). Wind shears
are thought to be the primary production mechanism for mid-latitude
sporadic E. These shears are quite variable in the lower E region

and thus, so is the presence of sporadic E. Equatorial sporadic E is

a predictable dayside feature associated with plasma instabilities
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found near the equatorial electrojet (Balsley et al., 1976). Auroral N
sporadic E is a common nightside feature tied to auroral precipitation s
(Hunsucker, 1975). This research will be limited to the study of mid- E.
latitude sporadic E as data are available only from the Boot Lake field E'
site near Brighton, Colorado. N
Whitehead (1970) summarized and commented on the results of numer- EE
ous research efforts on sporadic E. He found the horizontal extent of g
a sporadic E cloud varied greatly depending on the type of system used
to observe the phenomenon: from a 1000 km frontal extent inferred by :5
spaced ionosonde measuremeni. (Goodwin, 1966) down to meter size ir- E;
regularities obsefved by VHF radars. v
Because the vertical dimension is generally such smaller than the E
horizontal dimension, a sporadic E "cloud" is really more like a pan- ;5{
cake or thin layer of enhanced ionization, Within these layers, Miller S
and Smith (1975, 1978) clearly showed there are often smaller patches 3
of much more intense ionization present even though these are almost ?
never seen in rocketsonde measurements of a sporadic E layer. “
As was mentioned above, the primary production mechanism for mid- E;
latitude sporadic E is thought to be shears in the neutral wind. E'
Figure 4 illustrates the first of two processes that can force ioniza- ¥
tion into thin layers similar in structure to observed sporadic E
layers. Charged particles in the ionosphere are constrained to move
along the geomagnetic field lines when their gyrofrequency is greater
than their collision frequency with neutral particles. This occurs 5
for ions at altitudes above approximately 120 km. Dungey (1956, 1959) f
W

was the first to apply this to the ionosphere. The wind component

y
parallel to the magnetic field forces ions to converge at alternating :t
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nodes of the neutral wind. Since the horizontal component of the geo-
magnetic field is directed in a north-south fashion, only wind com-
ponents in this direction are effective in this process.

Whitehead (1961) showed that a second, more effective wind shear
convergence mechanism exists in regions where the ion-neutral collision
frequency is greater than the ion gyrofrequency. Here, ions are forced
to move across the magnetic field lines. In doing so they acquire a
V X B drift velocity with a vertical component whose sign depends on
direction of the neutral wind. Figure 5 shows how a layer of ionization
is formed by this process. Note, only winds perpendicular (East-West)
to the horizontal component of the geomagnetic field are effective in
producing layers of ionization. Because sporadic E is seldom observed
above 120 km, this process is considered the more important of the two
in forming sporadic E layers.

The most concise description of the wind shear mechanism in mathe-
matical terms is given by Miller and Smith (1978) as follows:

V=-——l——§ [p%0+ ,TXT+ @ - T)T (2.20)
1 + »p

where V represents the velocity of a charged particle, Here, p is

the ratio between the collision frequency v and the gyrofrequency @y

or, p=v/ @y with the gyrofrequency being defined by wy = gBO .

m
The quantity F is the unit vector in the direction of the magnetic
field and B, is simply the magnitude of that vector. The vector u
takes into account the neutral wind velocity W and external electric

field effects and is given by

~
Pl ~
u = w + E/p BO (2.21)
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The relative importance of the various components of the neutral wind
velocity can be seen for different altitudes from equation 2.17. Above
120 km is greater than 1 and the ions become more and more con-
strained to movements along the magnetic field lines. Below 90 km the
first term dominates and the ions move with the neutral wind. At alti-
tudes of between 90 and 120 km the second term containing the cross-
product motion plays a major role in the movement of the ions.

Theoretical research following this first discussion of the wind
shear mechanism for sporadic E formation extended the original theory
regarding the ion composition of a sporadic E layer. Axford and Cunnold
(1966) considered the effect of multiple ion species being present in a
sporadic E Jayer. They found the maximum electron density in the layer
is determined by the ion with the smallest recombination coefficient,
even though that ion might be a very minor constituent in the normal E
region. This conclusion is strongly supported by rocketsonde results
that show the major constituents in sporadic E layers are metallic ions
(primarily Mg+, Fe+, Si+) which have very long lifetimes compared to the
dominant ions in the E-region, 02+ and N0+. Outside the layers normal
E region distributions were present (Young et al., 1967; Narcisi, 1968;
Zbinden et al., 1975). Metal ions are presumed to come from meteors.

While the lifetimes for metallic ions are known to be long, little
is known about the actual residence times at sporadic E heights. Axford
(1963) showed that gravity waves progagating upward could trap ionization
at nodes in the neutral wind and move it downward at nearly the phase
velocity of the gravity wave. This has been termed the "corkscrew
effect," and it is particularly effective in the lower E region.

Further work by Chimonas and Axford (1968) showed that the corkscrew
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process would periodically sweep metallic ions from the sporadic E
region and dump them at the 85-90 km level. Above 95 km the position
a sporadic E layer could be predicted using wind shear theory as above;
below 95 km such predictions would not be valid because the dumped ions
would tend to accumulate at these levels. Some experimental work
(Wright et al., 1967; Wright and Fedor, 1969; Rowe, 1974; Miller and
Smith, 1978) supports the corkscrew process moving and dumping ioniza-
tion at lTower levels. Whitehead (1971) expanded on the corkscrew effect
by showing the spectrum and amplitude of internal gravity waves deter-
mine not only the effectiveness of this process but also the direction
jonization will move, upward movement being possible with short period
waves.

Movement of sporadic E clouds in the horizontal direction is a
quantity not often reported in the literature. Whitehead (1971)
summarizes the published results on horizontal motion saying it is
generally seen moving equatorward at approximately 80 m/s. No defini-
tive answer has been found as to whether this movement is associated
with the phase motions of waves moving through the region or whether

it is more closely tied to the netural wind motions.

Atomic Oxygen Emissions at 557.7 nm

Atomic oxygen emissions have been studied for many years using
sensitive photometer systems. The initial reason for taking these
measurements was to calculate atomic oxygen number density profiles.
More recently this information has been used to study gravity wave
(see Table 1) and tidal wave motions in the middle atmosphere

(Petitdidier and Teitelbaum, 1977).
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Extensive satellite measurements in the early 1970's confirmed that
about 90 percent of the total 557.7 nm emission at mid-latitudes comes
from an 8 km-wide layer centered at 97 km (Donahue et al., 1973). This
puts the atomic oxygen emission layer at very nearly *he same altitude
as sporadic E; thus, results from each process can be compared. Some
557.7 emission is also seen from the F region but this is usually quite
small.

Two reactions are candidates for generating emissions at this

wavelength. The first, suggested by Chapman (1931), is given by:

0 + 0 + 0 —ceemee- 0, + ofls) (2.22)

Barth and Hildebrandt (1961) proposed a second, two Step process as

follows:

o3p) + 0(%P) + M -e-mo 0, + M (2.23)
5) (2.24)

More recent literature (Slanger and Black, 1977) has tended to support
the second of these two reactions.

In any case, the green line emission has been used by several
workers (Freund and Jacka, 1979: Meek and Manson, 1983; Battaner and
Molina, 1980) to measure gravity wave motions at these heights
(Table }). In each case, these authors have interpreted their obser-
vations as phase motions of gravity waves moving through the region.

There is very little literature linking the presence of mid-

Tatitude sporadic £ to the intensity of green line emissions even

though the two processes occur at very similar altitudes. Whitehead
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(1970) renorted this in his extensive review on sporadic E as did
Petitdidier and Teitelbaum (1977) in their discussion of the atomic
oxygen emissions. Here we examine the relationship in a rather basic
way by comparing the spectral power densities of the two phenomena.

This is further discussed in Chapters III and IV.
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CHAPTER I1I

DATA COLLECTION AND ANALYSIS

Data Collection

The data analyzed in this research were collected at the Boot Lake
field site near Brighton, Colorado, and at the Jelm Observatory near
Jelm, Wyoming. The primary equipment site was at Boot Lake where the
equipment included a medium frequency radar operated as an imaging
Doppler interferometer, a NOAA/NSF high frequency radar operated as a
digital ionosonde, and a tilting-filter photometer for measuring 557.7
nm emissions from atomic oxygen. At Jelm, all of the equipment was
for optical viewing of the sky. Photometers with 1.5° field-of-view
(FOV) were available for atomic oxygen intensity measurements.

The Imaging Middle Atmosphere Geophysical Radar (IMAGER) was
operated at 2.66 MHz with a 50-kW peak-pulse-power in 30- xs Gaussian
pulses. Ten independent coaxial-colinear antennas were used; five
parallel in an east-west direction; five parallel in a north-south
direction as shown in Figure 6. All ten antennas transmitted simul-
taneously. For reception, the complex voltages for the antennas were
read by pairs in rapid sequence (EW-1, NS-1; EW-2; NS-2; etc.) with
the data being recorded on magnetic tape. Transverse antenna spacings
of .707 A give grating Tobes at + 45° to zenith. This means scatterers
located within 24.5° of zenith are unambiguous. Outside of this range,
scatterers within 45° of horizontal are aliased into zenith angles be-

tween 24.5° and 45° on the other side of zenith.
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IMAGER (Imaging Middle - Atmosphere
Geophysical Radar) ANTENNA
LOCATION: BOOT LAKE (BRIGHTON) COLORADO
AREA: 25.6 ACRES = 105 M2
HEIGHT: O.I1S A
FREQUENCY: 2.66 MHz
A 112.5M
3
EQM )
28
Fig. 6. Antenna array configuration for IMAGER radar g
(Adams, et al., 1986b). .
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For the data analyzed here pulses were transmitted every 0.1 s for .
a period of 12.8 s. A 3-km range-gating scheme was applied to the re-
turned signal. For each pulse, 50 separate range gates were recorded,
with the bottom altitude being 58.5 km and the top 208.5 km. Each 128-
point set will be referred to as a sounding. Soundings were taken and
recorded on magnetic tape every 10 min from approximately 0300-1100 UT
on June 25 and 30, 1984, Thus, we have a series of 12.8 s snapshots of
the ionosphere for these two nights.

At Boot Lake the ionosonde data were collected using a four-curtain

“a e W, T,

vertex-down laog-periodic antenna for transmission and four independent
dipoles commuted into two independent receiver channels (Adams et al.,
1986a). Once an echo was identified (Grubb, 1979), the quadrature

components and virtual height measurements from each antenna were re-

RN S o e

corded on magnetic tape for postanalysis. With the equipment outlined
here, conventional ionogram and echo-location analysis are possible.

Here, we consider only the conventional ionogram information.

VAP AR

The ionosonde system was run in two modes, a conventional mode

where the frequency was swept from 1.6 MHz to 20 MHz, and a high
resolution mode where the frequency was swept between 1.6 MHz and 3
MHz. In both cases, the frequence was swept logarithmically between
the end points. Each type of sounding was accomplished every 10 min N
with data times starting on the hour and 8 min after the hour, re-
spectively.

Photometer data were collected at Boot Lake using a 1.5° FOV

tilting-filter photometer as described by Meriwether et al. (1983).

D e T PR

The instrument was housed in a NOAA observational trailer and operated

through an interface with a DEC LSI-11. Several filters were used for
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OH rotational temperature measurements and one filter was available for
557.7 nm green line emissions from atomic oxygen. A 5-point imaging
scheme was used with zenith and 25° off-zenith in the four cardinal
directions being the positions toward which the instrument was pointed.
Total integration time at any one position was 1.5 s for 557.7 nm
emissions. Each point was sampled successively every 272 s with data
analysis being accomplished while the instrument was rotated to the
next position.

The 1.5° FOV photometer at Jelm was fixed in position toward the
North Celestial Pole. Measurements of 557.7 nm emissions were taken
every 30 s and displayed on a strip chart as well as being digitized

and stored on disk for later analysis.

Data Analysis

The analysis of radar interferometry data outlined below follows
closely the procedures developed by Adams et al. (1986b).

Interferometry makes use of the phase difference between received
signals at two or more spatial locations. High speed electronic equip-
ment makes it possible to measure phase differences in received voltages
for radio frequencies typically used by atmospheric radars (2-1000 MHz).
To illustrate interferometry techniques consider the gain pattern from
a dipole antenna above a ground screen (Figure 7a). If we wish to con-
trol this gain pattern a second antenna can be added as snhown in Figure
7b. Here, the antennas are spaced A/2 apart and are transmitting in
phase. By introducing a phase shift between the two antennas the trans-

mitted beam can be steered as shown in Figure 7c. The relationship be-

tween the phase shift ¢ and the steering angle ¢ is given by:
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To Rx

8

Fig. 7. Schematic diagram illustrating gain pattern for (a)
Single dipole antenna, (b) A pair of dipoles connected in-phase,
and (c) Pair of dipoles connected with phase shift in one leg

(Adams, et al., 1986b).
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¢2 . ¢,1 - -2xD/\sm0 (3.1) A

o

where D is the distance between the two antennas. E

The above approach can be used for the received signal if the E
complex voltages from each antenna are measured independently. In -
this case a mathematical rather than a physical antenna beam can be \:
formed. For a vertically directed beam the two complex voltages are :
simply added together at each instant giving: ;

2

Vo (6= 0, ) = v (t) + V(1) (3.2) }_

If the beam is steered to some angle 0 the required phase shift is )
calculated from equation 3.1 and the steered voltage is given by .
V(0= o, t) = vy (t) efds + vy(t) (3.3) :

)

The returned signal, if we consider it to be a sum of signals E"
from discrete scattering points, exhibits very complex temporal varia- S i
tion. A Fourier transform of this time domain record makes it possible .
to identify these individual scattering points. In the frequency do- .
main each scattering point can be separated by frequency as long as the ,
radial velocities are distinct.

To illustrate this approach, consider the case of a single scatter- -
ing point moving horizontally at velocity Vh (Figure 8). Fourier
transform of the time series complex voltages from each antenna provides \
power and phase spectra as shown in Figure 9. Both power spectra identi- :
fy the same Doppler frequency ft’ which can be used in equation 3.4 to E
get the radial velocity Vy: _’

3
.

-
v A
!




6

QYN Yo
o

. Fig. 8. Geometry for a single horizontally moving target
?Ségg)observed by a two-antenna interferometer (Adams, et al.,
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Fig. 9. Complex Fourier spectra for the two antennas in
Figure 8, showing the signature of a single moving target (Adams,
et al., 1986b).
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Vr = ftc = Vhs1n6 (3.4)

2F

where ft is the Doppler frequency, F is the radar frequency and c is
the speed of light. The difference in phase values at ft can be used
in equation 3.1 to calculate the zenith angle of the target, 0
This transform process is not particularly useful for a single scatter-
ing point since phase differences could be studied directly in this
case. The advantage of Fourier transform becomes evident when con-
sidering multiple scattering points.

Figure 9 might seem to indicate the critgrion for defining a
scattering point is large amplitude at a given frequency on both
antennas. This is not the case. The multiplicity of antennas in
this experiment makes it possible to use the root-mean-square (rms)
error of a least squares fit line of phase versus ground distance (or
antenna number since distance between antennas are the same) as the
condition for determining whether a scattering point is real. Before
this was done each phase value had to first be corrected for the time
lag introduced in commuting 10 antennas into two receivers and then
for 2x discontinuities (Adams et al., 1985). This was done on both
the N-S and the E-W antenna sets independently. A point was accepted
as real if the sum of the rms error from each set of antennas was less
than 40°. Modeling calculations show that about one noise point per
128 point data set was accepted when we used this criterion (Adamset al,
1986b). Once a valid target is identified in this manner, the mean
slopes of fitted lines can be used in equation 3.1 to calculate the

zenith angle in the appropriate plane.
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Consider the information we have available about each scattering

point:
f - the Doppler frequency, which gives the radial
velocity from equation (3.4);
R - range gate, in 3 km steps increments;
OEN - echo location angle in the E-W plane;
GNS - echo location angle in the N-S plane.

Now R, GEw, and GNS form a three-dimensional coordinate system that
can be transformed into a Cartesian coordinate system where x is east,
y is north, z is vertical. From the echo location angles the altitude
of each point can be calculated using equation 3.4.

At this point of the analysis we applied a gridding scheme to the
scattering point data (G. Adams, nrivate communication, 1986) rather
than using the individual points. The entire 24° X 24° viewing area
was divided into 1° X 1° squares. Within each square, a power weighted
average Doppler frequency was calculated and assigned to the center of
that square. This scheme was applied very successfully at low levels
(Coble, 1987) where highly aspect sensitive returns limit the spatial
extent of the viewing area., We used it in a region where aspect sensi-
tivity is not generally a problem for two other reasons. First, grid-
ding gives a better representation of the mean velocity at a given alti-
tude by eliminating clusters of points that would otherwise unduly
influence the results if all the points were considered individually.
By giving more weight to stronger returns we are in effect saying the
stronger a point the more likely it is a real point rather than simply

noise slipping through the selection process.
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X
Having determined the location of each mean scattering point, ff“
velocity calculations are possible if there are enough scattering gy
.;,\
points at a given altitude (a minimum of three points for horizontal 3
l'.\
and vertical components, two if only horizontal winds are considered). 3~
d
The vector radial velocity is given by f'
ij = ijle (3.5) Eﬁ
o
oy
where'TRj is a unit vector in the radial direction passing through the o
jth point at a given altitude. It is given by ﬁ;'
Y
T,. = 1.1 + m1 + nld 3. )
R] itx T Mty iz (3.6)
By,
t’
'..
Here, lj’ mjk and nj are the direction cosines of the jth scattering }j
point given by ;i'
1 = sin EW (3.7) E:
mo= sin 6, (3.8) ;;_
’t
n = (1- 12 . mz)% (3.9) @
o
RS
The mean apparent motion vector is then given by i:;
~ ~ ~ ~ --;.
Vm = ulx + vly + wlZ (3.10) K
where u, v, and w are the components of velocity in the east-west, O
north-south, and vertical directions, respectively. QZ
With more than three points a least squares fit to the scattering A
point can be calculated. Since 8{
2y
VRj = Vm . le (3.11) -8
o
3
o
%
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R

for all j if the rms fit is perfect, the rms error is given by E
€= (1/0 T [Vy. - (ul. + vm, + wn,)]1%)} (3.12)
3
-."
The choices of u, v, and w that minimize require o
=3
2€ = 2€ = € =0 (3.13) ]
du AV dw 4

Py
which gives f 3
2 2

4 m, + n., = 1. . :
u X1, vEZLn 4+ wZing = Xyl (3.14) 2
l.' 3

2 o~

1.m. + . + .n., = .M, . Y
uz 3 vaJ meJnJ ZVRJmJ (3.15) Ao

2 o

u ZIjmJ- + vzmjnj + WZnJ. = zVRJ.nj (3.16) ;\:
-4

The mean velocities in the x, y, and z directions are then calculated oK
at each altitude by solving equations 3.14-3.16 simultaneously. :__
Photometer data analysis as used in this research is relatively j::
\:
straightforward. As was outlined in the previous section, the 557.7 nm T
intensity information at Boot Lake was available from five different 3'."'
)

directions. From this data, we were able to calculate "correlation E‘:,
W

N

velocities" by simply comparing the time series records from each of Sl
these different directions. Correlation velocities obtained here are ;L;:~
then compared to velocities obtained with the Doppler interferometer. "\
We also used a simple Fourier transform routine to calculate :}
spectral power densities for the 557.7 nm atomic oxygen line data ::I‘,
from June 30, 1984. These are then compared to similar curves of E;:I
received power from the radar system.
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CHAPTER IV b

Fod

RESULTS AND DISCUSSION Bsf

Traveling Ionospheric Disturbances "
The Doppler interferometer system described earlier is the primary uﬁ'
source for the results discussed here. Two nights of data collection ;;:
are considered: 0208-1058 UT, June 25, 1984 (1908-0358 MST, June 24- Ei‘
25, 1984) and 0318-1058 UT, June 30, 1984 (2018-0358 MST, June 29-30, F?
1984). From this point on we will refer to these days by their Julian ;;1
calender numbers, days 177 and 182, respectively. Only on these two e
nights, when there was sufficient ionization present in the lower E :
region, were we able to get enough scattering points to allow us to :
examine velocities at these heights. N
This is in fact our first observation - when running in the rapid :§f

scan mode (i.e. no coherent averaging done) the radar was not able to i
get enough points to determine velocities unless there was a sporadic }i‘
E layer present (further discussion of sporadic E will follow in the 'i
next section). It was present for much of the period of day 182 so a i’
fairly complete data record is avaiiable. On day 177 there was only a >3
two hour period between 0738-0928 UT where this was the case,. iﬁ}
On day 182 the mean velocities were consistently between 200 and Ei
325 m/s at all altitudes between 88 and 109 km. Not only were the ‘\
o,

1,0

’

velocities relatively constant in magnitude with height, the directions

!)‘

were consistently toward the south and west through this same layer.

These results are shown in Figures 10 and 11, respectively. In both
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Fig. 10. Magnitudes of horizontal velocity vectors at 88, 94,
100, and 106 km for Day 182.
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Fig. 11. Directions of horizontal velocity vectors at 88, 94,

100, and 106 km for Day 182.
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figures we have combined soundings in groups of three (i.e. 30-min
averages) so that we could get enough scattering points at each of
these altitudes to make these velocity calculations. After eliminating
all soundings with 2.25 times the standard deviation of the velocities
from each sounding, we also 5-point smoothed the results. The figure
of 2.25 times the rms error was arrived at through trial and error. If
these velocities were normally distributed, this value means we would
be accepting 88 percent of all points going into the average.

In Figures 12 and 13, we have singled out the 100 km level from
dayv182 as representative of all the curves shown in Figures 10 and 11.
In a similar fashion, the results for the 106 km level on day 177 are
shown in Figures 14 and 15. We were able to plot individual soundings
in each of these four figures because there were enough points available
to do so.

We interpret these results as evidence that medium scale TIDs are
present and moving through the E region with the speed of propagation
being the phase velocity of the internal gravity waves. This interpre-
tation fits very well with Georges medium scale TID propagation speed
in the F region of between 100 and 300 m/s. The equatorward direction
of travel also is in general agreement with many past observations.

It is difficult to interpret these results as very strong back-
ground and/or pertrubation winds that we simply happened to observe for
two nights. Many previous observations of bulk velocities at these
heights (Bedinger et al., 1968; Rosenberg, 1968; Meek and Manson, 1983)
show that such motions rarely exceed 100 m/s. Riggin et al. (1986)

reported observing motions exceeding 200 m/s in a mid-latitude sporadic

E layer. However, these were gravity wave induced perturbation
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velocities that reversed direction on a time scale of minutes. OQur re-
sults show consistent direction and speed over a period of 8 hours.

Our results are also constant with height through a 20 km thick
layer. This is not characteristic of neutral wind motions in the lower
thermosphere which have a verti.al wavelength of approximately 20 km
(Rosenberg, 1968).

The above discussion tends to eliminate bulk motions as the source
of these apparent-velocities. Even so we must ask ourselves, "Is
there something in the analysis process has biased our results upward
into this range of velocities? We were unsuccessful in our attempts
to find such a problem as we discuss below.

Others have obtained quite reasonable wind values at Tower alti-
tudes using the same radar system described earlier (Adams et al.,
1986b; Turek, 1986; Coble, 1987). Our mode of operation was different
than in those cases. Here, there was no coherent averaging of the

returned signal and there were only 128 pulses per pulse set instead

of 256 or greater. Could these differences explain the large velocities
found here?

First of all, we consider the effect of coherently averaging the

returned pulses. Coherent averaging effectively reduces the maximum
resolvable frequency by a factor of n where n is the number of pulses
coherently averaged. Here, by design, no coherent averaging was done,
giving us a large frequency spectrum to work with, This, in turn,
gives us a large horizontal velocity spectrum (see equation 3.4) that
includes high speed motions not seen when coherent averaging is em-
ployed. By itself, a short pulse~to-pulse timing interval simply gives

a large maximum velocity.

.................................................................
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Next we consider the effect of the data record length. Because of
hardware limitations and a strict data collection schedule the length
of each data record was only 12.8 s. In the frequency domain this short
data record means we get only a coarse look at the broad frequency
spectrum we obtained by using the short pulse-to-pulse timing. We used
the conservative nature of the Fourier transform to estimate the effect
this might have on the measured velocities. By shifting every frequency
to the next smaller bin and recalculating the velocity and repeating the
procedure after shifting the frequencies to the next larger bin we ob-
tained error bound of sorts on the calculated velocity. This error was
only on the order of + 20 m/s, with the lower value being the one of
importance here. This still does not put the measured velocities in a
reasonable range to be considered bulk wind motions even if we could
explain the similar direction through a 20 km deep layer.

At this point it is interesting to note that results similar to
ours were obtained on another occasion for the same altitude region
when four-pulse coherent averaging and a long data record (410 s) were
used (G. Adams, private communication, 1987).

It is clear the mode of operation governs the extent of the
velocity spectrum and the minimum number of discrete frequencies
available to investigate that spectrum. But in this instance it is
the data, not any limitations imposed by the radar, that give us the
results we report here.

The Fourier transform process itself might contribute to higher
velocities if there were large peaks in the time domain record. These
peaks would also be present in the frequency domain along with several

harmonics. If these harmonics slipped through the scattering point
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."\
selection process they would generate phantom points at high frequencies :;
which could translate to correspondingly high velocities. The Fourier %
transform is the best place to see if this type of problem is occurring. ﬁ;
If it were, we would expect to see a large peak in the low frequency dﬁ
range with several large amplitude harmonics at higher frequencies. %
Figure 16 is the Fourier transform of the 0318 UT sounding from day
182. It has the largest peak near the central frequency of any sounding
in the entire data set and yet there is no evidence that harmonics are N
a problem. i"
-'1‘
The altitudes of interest in this research coincide with the meteor E
height range. Could these in some way be affecting the results we ~
report here? If we assume meteors are sporadic in nature, they would E
produce a relatively constant number of scattering points throughout E
the observation period (Davies, 1966). This was not the case. For '
example, on day 177 the radar ran for nearly five hours without getting EE
enough points at any altitude for a velocity calculation. We therefore EE
discount meteors as a significant source for scattering points in this ET;
data set and conclude they have little effect on the results seen here. Ezf
We have interpreted the velocities observed as the phase motions Ei
of internal gravity waves moving through the lower thermosphere. The ‘
nearly constant direction and velocity suggest steady sources located F;
to the north and east of Boot Lake. Southward directed phase velocities EQ:
w

suggest an auroral zone source as many previous authors have pointed
out (see Table 1). The Kp indices during our observation period were
all low (between 2 and 3) indicating relatively quiet geomagnetic con-
ditions. While it is possible that even weak auroral activity could

continuously generate internal gravity waves propagating southward,
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this activity can't explain the large zonal component we also see for
much of the night.

As was discussed in the Literature Review, tidal motions breaking
in the lower thermosphere have been proposed as a continuous source
for gravity waves. If this were the case these waves would show the
clockwise diurnal tide variation over time (Waldock and Jones, 1986).
Our data show at best an oscillatory motion with no trend in the clock-
wise direction. We can eliminate this source as the primary one driving
the apparent-motions we see with the IMAGER system.

Weather phenomena in the troposphere have long been suspected of
generating gravity waves that propagate upward into the E region.
Figures 17-19 depict the tropospheric weather situation on day 1982.
Figures 17 and 18 are radar charts for 0335 UT and 1035 UT, June 30,
1984, respectively. These times were chosen to bracket the times the
IMAGER was in operation. Figure 19 is the 0000 UT, June 30, 1984, 300
mb chart. The 300 mb shows a large ridge of high pressure centered
over the north-central United States and oriented in a southwest to
northeast direction. As might be expected with a ridge in this posi-
tion there is no precipitation of any type to the north and east of
Boot Lake, so thunderstorms can be eliminated as a source for gravity
wave phase motions from the east.

Because of the position of the high pressure ridge, we can also
eliminate mountain lee waves as a source for gravity waves moving
through this region. The generation of these waves requires strong
wind flow perpendicular to the orientation of the mountain chain. In

this case we have weak flow ( - 20 m/s) paralleling the mountains.

Even if lee waves were a point source for internal gravity waves we
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would likely sée only north-south motions because of the direction of EE;
gravity wave propagation in the vertical (Hines, 1974b). el
Low pressure systems to the east and northwest of Boot Lake offer :x
the most reasonable source regions for the gravity wave motions we see ﬁ:
on day 182. Although the upper air flow around the eastern trough is 'VT
not very strong at 300 mb (70 kts or 35 m/s over eastern Kansas), the ;3'
point of maximum curvature in the flow is almost directly east of Boot EE
Lake. For a good portion of night (approximately 0430-0830 UT) the ;i'
motions we measured were almost directly from this azimuth. We note E;'
that after about 0830 UT the direction transitioned counterclockwise éz‘
from the east to the northwest by 1020 UT. It is possible the motions f\
over Boot Lake were dominated by the eastern trough for much of the E?
night but as both systems moved east the western trough eventually be- ;?E
came the dominate system. It is unfortunate that measurements were not T:
continued beyond 1058 UT to see if this direction held until the western cf
trough passed over Boot Lake.
Although the data record on day 177 is much shorter we can do a
similar analysis for the motions seen here. Figures 20-22 illustrate ;3

the pertinent tropospheric weather during this period. Figures 20 and

...-
.o
o e, o
Y,

21 are radar charts from 0735 and 1035 UT on June 25, 1984, respective-
ly, and Figure 22 is the 1200 UT June 25, 1984, 300 mb chart which is

closest to the IMAGER observation time. Here we notice a large cluster

LA

v

of thunderstorms located over central Nebraska. These thunderstorms

P

"'l

remained at the same azimuth from Boot Lake between 0700-0930 UT; it is Fi;
o
interesting to note the direction of motion measured by the IMAGER also >
Nig
>
remained nearly constant from this same azimuth during this time period. ®

After 0930 UT the thunderstorms dissipated rapidly which would mean that
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other sources could dominate the motions seen by the radar. The di-
rection of motion seen on the IMAGER swung toward the south at about
this same time.

The upper level wind flow on day 177 is much more zonal than it
was on day 182. The generation of gravity waves froma single source
region is much less likely here because of the weak flow and lack of
curvature found in the wind field.

Auroral sources can again be eliminated as the magnetic indexes
were rather Tow. The data record is too short to consider the effects
of tidal motions.

Despite our arguments in favor of phase motions of gravity waves
moving through the region almost identical findings by G. Adams (private
communication, 1987) using another data IMAGER data set, C. Philbrick
(private communication, 1987) using a lidar system in the auroral zone,
and Kelder and Spoelstra (1987) using a combination of techniques in
Europe, suggest such motions may be common in many locations. More
measurements are necessary, but if this were found to be the case, it
would be difficult to explain in terms of gravity waves since the source
region would always have to be located to the east of the observation

point.

Sporadic E

As was mentioned in the previous section, the only time we had
enough scattering points in the lower E-region was when there was
enough ionization there to get a returned signal. We interpret this
ionization as a sporadic E layer that was present for much of the

observation period of day 1982. Because this layer was present for
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such a long period of time we are able to study its structure and
characteristics by looking at the location and movement of the scatter-
ing points determined from the IMAGER system and the conventional
jonogram data. Although sporadic E was present for a short period
on day 177 the data record is not long enough to draw many conclusions
about its structure. For this reason we limit the following dicussion
to day 182.

When discussing the structure and movement of sporadic E layer
we must be very careful to separate "facts" from interpretations.
Toward that end, we first list key observations about the scattering
points:

1) The sporadic E layer was present for the entire observation
period on day 182 except for short periods when it dis-
appeared completely.

2) Scattering points often appeared in groups of 5 to 10
points over 15 km square areas. These groups appeared in
every portion of the sky during the night.

3) When a large percentage of scattering points appeared
outside of 10° from zenith the peak power levels on the
radar were generally below 95 dB, often below 85 dB.

4) No organized motion across the sky could be determined
by comparing the location of scattering points from one
sounding to the next.

5) Groups of scattering points were normally seen over five
range gates (15 km).

6) The number of scattering points dropped sharply above and

below the sporadic E layer,

. - ~ - . - - . - - A - * » > - » - - - - T M
e At e R e I e e e e T L e e e e AT
e O A B N oy - " 2 o o\ X e 1 X A N o A » W

Yt Xy

EOL TS LN

[ ]
Y
L ]

LA Ny
WX

ey
'
A

NN oy e e
'f/"'l.”', f‘

v o
LI

N %Y
;'Iﬂt' . -"l-' [y

N

T SV IR IR
»

v
*
PN

'\

L S 4

-----------



L/ :%.44" Sr'ds 4 ALe's M At gt et Ls” O NE N oD TR OV LW UWINT d ok L0 S ESn A s Al ' 24 ath 0 VA ode 2B a0 A ol ol
.

e,

Y j 62

*; 7) The altitude having the maximum number of scattering points

varied from 109 km (0418 UT) to as low as 91 km (1038 UT).

:E§ We believe the wind shear model of sporadic E formation fits the

‘EE observations from day 182. The general shear conditions in the lower

“ E region are apparently not strong enough to support a sporadic E

f; layer by themselves, but medium scale TIDs propagating through the

‘E} region enhance this general shear locally and create irregularly )
: shaped, intense patches of sporadic E that are seen as groups of

.;E: scattering points on the IMAGER and echos on the ionosonde. The layer

Eg did disappear abruptly on several occasions (0448, 0548, 0638, 0838

:j UT). We interpret these disappearances simply as another manifesta-

ég tion of the interaction between the local wind flow and propagating

é; gravity waves. In these instances, the interactions produced shear

i conditions that were not strong enough to support intense patches of

:E: sporadic E or, even aided in the diffusion of existing patches.

:ES Figure 23 illustrates the model of the partially reflecting

\?- sporadic E "layer" present on day 182. It is important to clearly

ig: define what is meant by the term "partially reflecting." Here it

E; means both sporadic E and F region echoes are present at the same

it frequency on an ionogram as in Figure 24. At mid-latitude this occurs

E$ because of the geometry of a sporadic E layer as shown in Figure 23.

EE Some of the radar energy is reflected from intense sporadic E patches

:i while the rest never encounters these higher plasma densities until it

is reaches the F region. The term "partial reflection" as it is used

23 here does not refer to a portion of the energy in an individual electro-

?k magnetic wave being refliected and a portion being transmitted; all the

:E energy in this wave is reflected if, as the Appleton-Hartree equation

)
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predicts, the transmitted frequency 1is less than the plasma
frequency.

Since we have no reason to believe otherwise, we assume these
patches are equally distributed across the sky. The fact that scatter-
ing points near zenith have larger power can be explained in terms of
the antenna pattern and the actual distance to the point. The antenna
pattern decreases very rapidly from a maximum at zenith to a null at
approximately 17° off-zenith. The 1/(Rad1‘us)2 factor also reduces
power returns as much as 20 percent for points 24° off-zenith. Figures
25a and 25b are good examples of sporadic E patches located near and
off-zenith, respective]y! The power profiles on the left hand side of
the diagrams reflect the location of these points, the off-zenith peak
powers being considerably weaker than overhead returns. ‘

The ionograms from day 182 suggest an intriguing possibility con-
cerning the horizontal structure of the sporadic E, namely, that the
patches are occurring at regular intervals in the horizontal. If we
interpret the layers near 100 km in Figure 24 as being caused by off-
zenith reflections rather than variations in the vertical we get a
horizontal wavelength of approximately 48 km. Skymap plots of
scattering point location did not support this interpretation, with
only 5 of 47 soundings indicating this might have been a possibility.
Figure 26e is best of these five examples. We were limited to looking
at a single wavelength in the horizontal due to radar ambiguities dis-
cussed in the previous section. With these ambiguities removed results
between the two systems might agree more closely.

Since the measured velocities discussed in the previous section

were consistent over time in both direction and speed, one might expect
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Fig. 25. Skymap plots of sporadic E patches with
(a) Intense power returns near zenith, and
(b) Weak power returns off-zenith.
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Fig. 26. Sequence of skymap plots showing vertical structure of
sporadic E at 1018 UT on day 182.
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to see a coherent pattern of scattering points moving across the sky. is
No such behavior was observed. Two reasons to explain this come to ‘e
mind. First, in the 10 minutes between soundings, a patch moving at E;
200 m/s could move entirely through the unambiguous viewing region of Ez
the radar system. We would continually see new patches moving across 5
the screen if this were the case. If the lifetime of the individual 33
patches was less than 10 min, then sporadic E forming locally from the ?
interaction of gravity waves with the mean flow would also appear quite {:
randomly across the sky. Using a digital ionosonde to track the move- 3}
ment of sporadic E patches, Paul (1986) had similar problems even with E:
a 6 min resolution between soundings. Better time resolution between ?
soundings is needed to determine if either of these hypotheses are true. E;
Interpretation of vertical structure in the sporadic E is difficult EE
because the radar pulselength of 4.5 km is probably greater than the r:
layer thickness. This means the minimum thickness of a layer can't be E‘
specified more accurat2ly than 9 km (3 range gates). Because ~lusters gi
of scattering points normally appear over five range gates, we can esti- ..,
mate layer thickness at 6 km or less. This estimate includes irregular ;2
features on the surface of the layer which must be present since 5-10 EE
points, rather than a single one, usually appear for every patch of ;j
sporadic E. This agrees with previous results on the thickness of g;
sporadic E layers. A shorter pulse is needed if we are to specify E:
thickness more accurately. j?
Even with the long pulselength some structure in the verticel is i&
apparent. This is most easily seen by Tooking at the botton. and top Sf
of the spuradic E layer which can usually be determined to within one ;;
range gate. For example, in Figure 26 we see the base height varies i?
.
N
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from patch to patch. 1In Figure 26b, the bottom edge of the patch near
the zenith falls in the 94.5 km range gate. What appears to be a
second distinct patch appears at 97.5 km just to the east of the first
one in Figure 26c. In Figure 26d a third patch appears at 100.5 km
to the northwest of the first two. This third patch then persists
through 10955 km while the first two disappear completely by 109.5 km.
The sounding used in this example was not a once per night occurrence.
Many other soundings showed the same thing but were less clearcut than
this example.

Resolution Timitations with both the ionosonde and the radar make
estimating the height of the base difficult, but the layer descended
approximately 10 km during the course of the night. The descent seemed
to take place in two steps. Between 0318-0538 UT the base of the layer
remained at approximately 106 km. At 0638 UT the sporadic E disappeared
entirely only to reappear strongly 20 min later at 102 km. It remained
at this level until approximately 1008 UT when it began a rapid descent
down to 96 km at 1028 UT. This was the lowest altitude recorded during
the entire night. From here, on the ionograms the layer ascended back
up to 100 km. On the radar, judging by the number of scattering points,
it appeared to continue moving downward to approximately 94 km where a
very large number of scattering points (71) appeared in the very next
sounding (1038 UT). These points disappeared by 1048 UT. The first
descent of the layer is difficult to discuss because both instrument
records (ionosonde and radar) are discontinuous because no sporadic E
was present. The 0.3 km/min rate of descent between 1008-1028 UT is
similar to descending layer rates reported by Miller and Smith (1978)

which they described in terms of Axford's 'corkscrew' mechanism.
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While the descent rates are similar the starting points are quite
different, their's beginning its descent at 125 km and ours starting

at only 102 km.

Atomic Oxygen Emissions at 557.7 nm

In terms of optical emissions (OH and 0) from the lower thermo-
sphere, day 182 was the most active day during the two week MAPSTAR
campaign. It seems more than coincidence that the occurrence of
sporadic E, at roughtly the same altitude as 557.7 nm emissions, peaked
on the same night. In what ways can we compare the two phenomena? We
have already considered sporadic E and found that when it was present
we could determine velocities over a 20 km range in the lower thermo-
sphere. From the discussion in the previous section we also saw the
sporadic E exhibited a marked periodicity during the night. With photo-
meter equipment at both Boot Lake and Jelm we are able (0 examine these
same characteristics using 557.7 nm atomic oxygen emissions.

Day 182 results ( J.W. Meriwether, private communication, 1986)
using the 5-point tilting-filter photometer system at Boot Lake are shown
in Figures 27 and 28. Figure 27 shows the normalized intensity traces
for the south, zenith, and north directions; Figure 28 shows similar
curves for the west, zenith, and east directions. In each case the
lower two curves have been offset by 0.2 and 0.4, respectively, so the
results could be clearly seen on the diagram.

It is obvious from the successive time lags between the curves in
Figure 27 that the major features have a nearly constant northward
component of motion for much of the night. The major features in Figure

28 are stacked on top of each other; for this reason we conclude there
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is Tittle or no motion in the east-west direction. By taking the
average time difference between the major features and dividing by the
distance separating the observation points (44.2 km from zenith to 25°
off zenith if we assume the emissions are from 95 km) we arrive at a
“mean correlation velocity" of 105 m/s toward the north.

A mean correlation velocity of 95 m/s was also obtained by com-
paring the Boot Lake intensity curves to the Polaris imaging curves
(A. W. Peterson, private communication, 1987) from the Jelm site. The
distance between the zenith viewing point at Boot Lake and the Polaris
monitoring point at Jelm is approximately 241 km. Because of the
great distance between these two points, we were only able to use the
major peak and major trough sequence seen during the night to calculate
this correlation velocity (see Figure 29). The other features on the
curves in Figure 29 were generally similar but they were not distinct
enough to consider in the velocity calculation.

Others have seen similar motions in the 557.7 nm green line
emissions (Freund and Jacka, 1979; Meek and Manson, 1983) and have
described these drifts in terms of the phase velocity of gravity waves
moving through the region. We favor this interpretation here. If
these motions represented the neutral wind they would exhibit a clock-
wise change in direction with time. No such change is apparent through-
out the entire observation period.

If these drift motions represent gravity waves, we are hardpressed
to identify an apparently continuous source to the south of Boot Lake.
Review of Figures 17-19 eliminates thunderstorms, jetstreams, and
mountain lee waves as lower atmospheric sources. Auroral activity

can be eliminated based on the drift direction; the breaking of tidal
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waves in the mesosphere would produce a clockwise shift in direction i
similar to the shift in the neutral wind. :
At this point we have two sets of observations showing velocities EE
directed in nearly opposite directions. Could these two piocesses, E;
sporadic E formation and 557.7 nm oxygen emissions, be driven by differ- ;
ent components of the gravity wave spectrum? Because the wind shear ;;
theory of sporadic E formation depends on the orientation of the mag- Eﬂ
netic field it is plausible that one direction of propagation would f
produce sporadic E and not another. However, in the case of oxygen ;3
emission the magnetic field plays no role; it is only changes in density ;‘
that enhance or reduce the emissions. This process should "see" gravity i”
waves propagating in any direction and respond accordingly. E)
The 557.7 nm green line intensities and the sporadic E both showed g
strong periodicities. With such widely varying results in the di- ;;
rections of motion one might expect these periodicities would not re- ﬁ
semble each other very closely. This is indeed the case as can be seen 3
in Figure 30 where we plot the normalized spectral densities versus the ?i
periods. Only periods greater than 20 min have been depicted here ;E
since this corresponds to the Nyquist frequency 1imit for the sporadic i;
E curve, above which aliasing occurs. Neither have we considered Y
periods greater than 180 min as this begins to approach the tidal wave E?
periods in the atmosphere. As can be seen in the diagram the sporadic E”
E has a strong peak at 57.5 minutes while the green line intensities )
peak at approximately 100 min, The rest of the curves are also dis- EE
similar with peaks in one occurring at minima in the other, g'
.
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CHAPTER V

CONCLUSIONS

There has been considerable debate about the proper interpretation
of apparent-motion vectors determined from Doppler shifts of the re-
turned radar pulses. We used a 2.66 MHz Doppler interferometer radar
to obtain these apparent-motion vectors in the lower E region. On two
separate occasions, totaling over 10 hours of observation, the apparent-
motion vectors were between 160 and 325 m/s. On both occasions the
direction of motion through a 20 km deep layer was toward the west with
some variation on either side of this. We interpret these results as
being horizontal phase motions of gravity waves movir~ “hrough the
lower E region. First, the magnitude of the velocities is too large by
at least a factor of 2 for these to be considered bulk wind velocities.
Indeed, the velocities fit very nicely into the medium scale TID range
identified by Georges (1968). Second, if these were neutral winds we
would expect them to change direction with altitude over a 10 km range
(one half the vertical wave-length) or less. This was not apparent
during the observation period. Finally, if these motions represented
neutral winds they would also be expected to rotate clockwise in time
with the diurnal or semidiurnal tide. There was no evidence of this
occurring.

Because the direction of these motions was consistently from a
small range of azimuths during each of the observation periods, we

were able to identify possible sources in the lower atmosphere. In
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one case, large low pressure troughs were proposed as the source re-
gions for gravity waves. In the second case, thunderstorms were
suggested as the source for propagating gravity waves.

The Tong term presence of the sporadic E layer on day 182 also
made it possible to examine the horizontal, and to some extent the
vertical, structure of the layer. The structure of the sporadic E
layer appears to be similar to the observations reported by Miller
and Smith (1978), in particular:

1) The partially reflecting sporadic E "layer" appears to be

made of distinct patches separated by areas of very weak
ionization.

2) The sporadic E patches are quite irregular in shape as
clusters of scattering points appear instead of a single
specularly reflected point as would be expected from a
smooth layer.

3) The bases and tops of individual sporadic E patches varied
considerably, in one case by as much as 6 km.

We found little support for regularly spaced corrugations in the

E region surface as the layering on the ionograms suggests. Instead
the patches seem to be individual scattering centers located about the
sky in random fashion.

Drift velocities and spectral power density curves were calculated
for the 557.7 nm atomic oxygen emission curves on day 182. These were
compared to the Doppler interferometer results and found to be signifi-
cantly different in both cases. The drift velocities calculated from
the emission curves showed horizontal motion toward the north for vir-

tually the entire observation period. This is 90° or more from the
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direction of the horizontal velocities calculated from the radar data.
The spectral power density curves also showed little connection between
the two processes. The dominant period seen on the radar was approxi-
mately one hour; for the emission data, near 100 min.

The first of these findings was somewhat surprising given the fact
the two processes are occurring at virtually the same altitude. We
have no theories as to why there is such a discrepancy between these
measurements. The second result was somewhat less surprising consider-
ing the great differences in the processes responsible for the phenome-
na, one being tied to the movement of ions along the magnetic field
line, the other involving chemical processes dependent on the amount

of convergence forced on the constituents by shears in the wind field.

Recommendations for Futher Research

More research must be done before there is conclusive proof that
we are measuring phase motions associated with propagating gravity
waves. The Doppler interferometer system shows great promise in being
able to sort this out. We discuss below several specific recommenda-
tions for follow-on research efforts.

Data must be collected continuously over a much longer period,
including daylight operation, if we hope to answer the following
guestions: Were the large apparent-velocities associated with the
sporadic E, or is this high-speed phenomenon there all the time? Does
the direction vary through 360° or is there really a lack of eastward
motion? Does the direction of the apparent-velocity correlate with
suspected lower atmospheric sources for gravity waves? With auroral

sources? With tidal motions?

'l ,l "

SRS
L]

K

NERENE RN
A

l’.f-'
r LY Byl

Al

L U LRt
AARBALE ‘o,

B
N
Al I

AAAARAN

L 2 'S

vy

AR S SA)

-
(4

N DTNy



AR

T WAL TOUR LR

82

Individual soundings must include more pulse-sets and be taken
more often. Suggested values are 512 pulses/pulse-set with soundings
every 2 min. The first of these recommendations would add more low
frequency components to the velocity calculation. Would this addi-
tional Tow frequency contribution bring the calculated horizontal
velocities down to neutral wind values? The second recommendation
would help in determining the origin of sporadic E. Do patches form
and dissipate in a single location or do they move across the sky?

How rapidly does this formation process take place?

Running the radar in conjunction with the 5-point imaging photo-
meter should be considered at every opportunity. It will take several
more campaigns with extremely active days similar to day 182 to tell
whether the large differences in ve1oc{ty between the two systems occur
on a regular basis or not. Greater time resolution on the 557.7 nm
measurements should also be attempted. This should be possible given
the automation built into the photometer system. MWith greater time
resolution more accurate horizontal drift motions could be determined.

Several other questions come to mind. We have said the apparent-
velocities do not represent neutral wind motions. Can a technique be
developed that would definitively determine this to be true? The mass
continuity equation (equation 2.3) offers a starting point for such a
test. If the local rate of change of density is neglected, all that
remains are the divergence terms. Each of these can be measured if
there are enough points spread about the sky at each level, with the
sum being zero if the components represent bulk wind motions. If they
represent phase motions the results are likely to be quite different

than zero. If it were determined these were phase velocities, a
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second question comes to mind, "Could a technique be developed to
separate phase motions from bulk motions since both these quantities
are likely to be part of the result?" Little has been said about the
horizontal and vertical wavelengths of the gravity waves moving through
the region. Can these be calculated from the motions measured on the
radar system?

Almost all of these recommendations could be implemented with a
faster more reliable Doppler interferometer system. Just such a system
is being built. The results will provide a wealth of new information
on the mesosphere and lower thermosphere and should enable us to answer

some of the questicns raised in this report.
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