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ABSTRACT

Middle Atmospheric Wind Measurements

Using a Medium Frequency Radar
by

Barry Byron Coble, Master of Science
Utah State University, 1987

Major Professor: Dr. Gene W. Adams
Department: Soil Science and Biometeorology

~

\

The Imaging Middle-Atmospheric Geophysical Radar was
located at the Boot Lake, Colorado, field site and operated
at 2.66 megahertz to collect radar data. The data presented
here were collected from 2120 Universal Time to 2310 Uni-
versal Time on March 20, 1983. It was operated as a Doppler
interferometer to measure winds in the middle atmosphere
(16.5 - 91.5 kilometers), which includes the stratosphere
and the mesosphere. Highly specular returns were obtained
in the lower regions of the middle atmosphere, with specu-~
larity increasing as altitude decreased. Algorithms were
developed to take these specular returns and derive useful
wind speeds and directions in a region of the middle atmo-
sphere, 30 - 55 kilometers, which had not previously
yielded such information easily. Three-dimensional wind

vectors were derived, and these values agreed well in
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direction, but overstated the magnitude when compared with
rawinsonde data in the 16.5 - 30 kilometers region. The
rawinsonde data were taken at Denver, Colorado, at time

periods before and after the data run.

(58 pages)
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CHAPTER I

INTRODUCTION

There exist today several techniques with which to

study the region between 10 Km and 100 Km, known as the

middle atmosphere. These techniques are rather recent in

development, and are indicative of Man's advancements in
the fields of science and engineering. As with many other
achievements of Man, however, these techniques do have their
s problems and limitations.

The measurement of wind velocities in the middle atmo-
sphere has been the prime focus of many techniques. These
range from the use of radio-theodolite tracked balloons to

the tracking of satellites high above the surface of the

earth. 1Included in these techniques is the use of radar
in detecting winds in the middle atmosphere. Radar has be-
come one of the more promising techniques to be used to
measure the middle atmosphere due to its relatively low
cost of operation and its capability of providing real-
time continuous data.

There are a variety of techniques which can provide
data on a variety of atmospheric parameters of the middle
atmosphere. These include the mesosphere-stratosphere-

troposphere (MST) radar, the spaced antenna drift (SAD)

radar, the incoherent scatter radar, and the meteor radar.
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2
All types have provided excellent results in obtaining wind
velocity measurements for certain regions of the atmosphere.
See Figure 1 for a graphic representation of the various
measurement techniques for the Middle Atmosphere (as cited
in Gage and VanZandt, 1981).

None of these methods, though, have provided very good
results for a critical region of the middle atmosphere from
30 Km to 60 Km. This is due primarily to the type of
scattering being measured by the particular radar. As is
apparent in the name, the meteor radar detects the ionized
trail left by a meteor as it disintegrates in the atmosphere
above 80 Km. This height limitation precludes this radar
from providing data in the 30 - 60 Km range. The incoherent
scatter radar gets useful returns only from the mesosphere
and above (i.e., above 60 Km). Both the MST and SAD tech-
niques can detect scattering in the troposphere and lower
stratosphere as well as in the mesosphere. But neither
technique is powerful enough to detect returns from the
critical region (Larsen, 1983}).

This is not to say that the MST and SAD technigues have
not detected returns in the critical region. The returns
detected, however have been so weak and sparse that it would
take long integration times (30 minutes or more) to provide
enough data to make wind velocity determinations. At these
long integration times the measurements are likely to be
contaminated by the presence of long period wave structures,

such as gravity waves (Royrvik, 1983).
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h A new radar technique has been develcped which can
- possibly overcome some of the shortcomings of the previously
) mentioned techniques (Adams et al., 1986). The use of
) Doppler interferometry may make it possible to determine
winds for the entire middle atmospheric range. Briefly, the
technique is able to view a large volume simultaneously and
determine the locations of a number of Doppler-spectral
features, or scattering points. From the Doppler shifts and
-, locations of the spectral features, a wind speed and di-
rection may be determined for the volume of air illuminated
at each altitude. This technique is more sensitive than
other radar techniques, which may make it possible to deter-
mine winds in the critical region.

The objectives of this thesis are as follows:

1) Determine the wind from the scattering points

returned by the radar using software developed for

this purpose. This software is discussed in both
. the literature review and deata analysis sections
of this thesis.

2) If winds can be determined, compare the results

™
o

P N

at the lowest altitude with results obtained from

existing nearby ST radar and/or rawinsonde data

from nearby reporting stations.

3) If winds cannot be determined through the

entire altitude range, show the bottom and top

[y S A A WY

altitude limits, speculate as to why the technique

N

-
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fails, and propose techniques that could be used

"™

to make it feasible.
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LITERATURE REVIEW

s Probing of the atmosphere by a radar depends on the
scattering and reflection from spatial refractive index
variations. Depending on the altitude being concsidered,

these variations can correspond to any change in pressure,

FON BF O Wy ¢

humidity, temperature or electron density. It is these

A

changes that cause the electromagnetic waves of a radar

signal to be scattered or reflected (Rottger, 1980).
These changes in the refractive index can best be

illustrated as follows. The radio index of refraction is

given approximately by the following formula (as cited in

[ VI 4

Balsley and Gage, 1980):

n- 1= (3.73x10 te) /7% + (7.76x10"%p)/T - N /2N_

L T B I ]

where n = the refractive index, P = the atmospheric
pressure in millibars, e = the partial pressure of water
vapor in millibars, T = the absolute temperature, Ne = the

number density of electrons, and NC = 1.24 x 10 2f2 where

A QP I IR

f = the critical frequency in MHz and, therefore, Nc = the

critical plasma density in MKS units. The first term on

LA AL A

the right hand side refers to the contributions to re-

B S

fractive index changes made by fluctuations in the density

of water vapor. This term is only important in the lower
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troposphere where water vapor is abundant. The second term
on the right hand refers to density fluctuations in dry air.
This term is most important from the upper troposphere to
the stratopause. The third term on the right hand side re-
fers to refractive index changes caused by the presence of
free electrons. It becomes an important factor above the
stratopause (=50Km) where electron density increase rapidly
with height.

Evaluating the above equation reveals that the first
term is of no consequence when dealing with the atmosphere
above 15 Km. Below 50 Km the second term of the equation
dominates, while above 50 Km the third term dominates. The
region between 15 and 50 Km in altitude provides the
smallest refractive iﬂdex change. This is due to decreas-
ing atmospheric density and the lack of free electrons be-
low the stratopause. This can best be illustrated by
Figure 2, which shows how the power returned by scattering
points falls off to a minimum near 50 Km.

These variations may be caused mainly by turbulent
fluctuations yielding partial (Fresnel) refractions from
coherent discontinuities in the troposphere and strato-
sphere. Radar signals can also be scattered back from
ionospheric structures in the mesosphere and thermosphere.
Because of strong collisional coupling between ionized and
neutral particles in this region of the atmosphere, the

level of scattering is an excellent indication of neutral
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atmospheric dynamics in the middle atmosphere (Rottger,
1981; Balsley and Gage, 1981).

Reflections in the stratosphere due to the presence of
thin stratified layers can enhance the amount of power re-
turned. It is here that the use of the term aspect sensi-
. tivity comes into focus. Aspect sensitivity can be defined
as the property of a scattering point to have a higher power
return as it approaches the zero zenith angle of the radar
beam, i.e., to behave like a mirror. If one refers to the
" divisions of the atmosphere as defined by the temperature
j profile, aspect sensitivity has been reported to increase
. with decreasing altitude to a maximum near the tropopause
b (Tsuda et al., 1986). It is also present throughout the
middle atmosphere, which is illustrated in Figure 3 for the
stratosphere and in Figure 4 for the mesosphere. These

figures show how, with decreasing altitude, the amount of

LN Y

power returned to the radar increase toward a maximum value

near the zero zenith angle. These figures also illustrate

- v w ¥ X

the fact that aspect sensitivity reaches a maximum near the
tropopause (Johnson et al., 1986). Aspect sensitivity has,
for years, been considered a bane to radar detection since
the higher power return near the zenith tends to dominate
what might otherwise be valid radar returns from off zenith
\ angles (Tsuda et al., 1986).

The Doppler interferometer method, however, coupled

with appropriate software for data analysis, could possibly

use the data received from scattering points exhibiting

e
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aspect sensitivity, or specularity. Since these points are
a result of turbulent fluctuations of stratified layers, it
only becomes a matter of utilizinjy a method which is sensi-
tive enough to successfully separate these points from false
echoes. The Doppler interferometer method provides much
better spatial resolution than other methods and, thus, can
much more easily separate points near the vertical (zero)
zenith angle. Above the stratopause aspect sensitivity is
itself overwhelmed by the rising isotropic component of
returns (Adams et al.,, 1986).

The radar interferometry method can be defined as
making use of phase differences between signals received
at two or more spatial locations. At the frequency of 2.66
MHz it is possible to measure the phases of the received
voltages on two or more antennas simultaneously. These
phase differences occur between those voltages received
from the parallel antennas in the north-south antenna
complex to get the east-west zenith angle, and similarly
for the east-west antenna complex to get the north-south
zenith angle.

The first attempt at using the radar interferometer
technique to measure an atmospheric parameter, in this case
the direction of the magnetic field at ionospheric heights,
was made in 1971 by R.F. Woodman at the Jicamarca Observa-
tory in Peru with very high accuracy in comparison with

known results (Woodman, 1971). Since then it has been used
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13
to study such subjects as plasma turbulence in the upper
atmosphere, F -~ region irregularities, and auroral electro-
Jet irregularities. It has only been recently, however,
that true interferometer observations have been attempted
below the ionosphere (Farley, 1983).

Basically, the radar interferometer technique involves
two or more antennas, each with its own receiver, and a
transmitting antenna or antennas. The transmitting an-
tenna(s) can also serve as a receiving antenna(s). Suppose
there is a point or target at some angle 6 from the zenith
in the plane defined by the vertical and a line joining the
phase centers of the receiving antennas. This can be trans-

lated into a phase difference defined by:
Aé=%k L sing

where k = (27 /)], the radar wave number and L = the sepa-
ration of the antennas. Figure 5 shows this setup graphi-
cally. 1If, however, the target is moving, then Doppler
shifts in the received signals will occur. This Doppler
shifting can give additional information and help separate
multiple targets in the radar beam. Thus by determining
the radial velocity of at least three individual targets at
a certain altitude, a bulk flow velocity at that altitude
can also be determined. 1In this case wind velocity refers
to the measurement of bulk wind flow over an area of ap-
proximately 10 - 100 Fm on a side in the horizontal plane

(Farley, 1983).
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1. Imaging Doppler interferometry

The method used to analyze the data described here,
the Doppler or radar interferometry method, first involves
Fourier transforming the time domain of recorded complex
voltages from each antenna into the frequency domain, then
using interferometry. This is a very productive method
for separating multiple targets.

Figure 6 and Figure 7 show a graphic example of what
is being described. Figure 6 illustrates two targets as
being detected by the IMAGER, with their respective zenith
angles. This is only shown for two antennas. Figure 7
shows how it is possible to measure the location and ve-
locity of two targets by Fourier-transforming time series
of the two complex voltages to get two power and phase
spectra. 1In this figurecua and wy refer to the two targets
as identified by the radar.

For each Fourier frequency or Doppler shift each
antenna array is examined separately. A valid scattering
point will give a constant antenna-to-antenna phase differ-
ence. Both power spectra identify the same Doppler fre-
quency of the target fT. Given this fT' it is possible to

achieve the radial velocity Vg as follows:

VR = ch/2F = VH31n0

where F is the radar frequency and C is the speed of light.

The difference in phase angle values at fT can be used in

T oA
.r,\.r_ J-_\.-\J-_ - \. ] 4-\.-_ e _;
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Observed from two antennas.
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fj the following equation to calculate the zenith angle:
A
r .o -1
o 6 = sin ~ [2A & /27L]
N
w
&\ where L is the spacing in meters between the two antennas
b
(Adams et al., 1986).
b This method is adequate for just two antennas. With
\I
ﬁ the IMAGER are ten antennas, so a slightly different
‘ approach is used. The data from the two antenna arrays
}: (north-south and east-west) are processed separately. Then
i a least-squares straight line is fit to the five phase
-
] values vs the antenna spacing for that particular array.
-~
. Each phase value is first corrected for the time lag intro-
il
ﬁ duced relative to the values for the two receivers in the
&
- middle of the array. Then a root mean square (rms) error
jﬁ of the fit of the phase values is used to decide which
_ﬂ points are to be considered good. By accepting points
b )
. whose rms errors were 30° in phase or less for both arrays,
-
- a small percentage of random points were accepted as good
-
'i data points while the percentage of useful data points re-
e
mained high. This rms error corresponded to a horizontal
5 resolution of 1.35 Km at an altitude of 100 Km. As
;g mentioned earlier, the range-gate spacing was set at 1.5
¢ 3
» Km, but the pulse length was 4.5 Km so it can be conserva-
:: tively estimated that the spatial resolution of the IMAGER
"
", was plus or minus 5 Km in each of the three spatial coordi-
3
i
nates (Adams et al., 1986).
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Now the zenith angles of the two arrays can be deter-
mined using the following formulas:
1

GNS = sin (Dew/4.442)
-1

OEW = gin (Dns/4.442)

where D of the respective arrays represents the slopes of
b the fitted lines to the phases of those arrays.
Now the following information exists for each scatter-

ing point:

1 \ The radial velocity

r

R

The range gate, in 1.5 Km steps

oew

The zenith angle in the East-West plane

6

ns The zenith angle in the North-South plane

The range R and the two zenith angles combine to form

a three-dimensional coordinate system which can be trans-

lated into a Cartesian coordinate system where X is east,

Y is north, and 2 is vertical. It is then possible to sort

the points according to altitude.

Having since determined the location cf each scattering

point, it is now possible to determine the vector radial

velocity as:

VRj = ijle

where j =1, 2, 3, ..., J, where J is the number of scatter-

ing points identified at a given altitude, and lRi is a unit
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vector in the radial direction passing through the jth point,

and is given by:

where lj' mj, and nj are the direction cosines of the jth

scattering point, given by:

1 = sin oEW
m = sin GNS
n=(1-1%-n%t/2

From this, then, the mean apparent motion vector can be

given by:

Three scattering points are sufficient to determine the
three components of the motion. With more than three points
it is possible to calculate a least-squares fit to the

scattering-point parameters as follows: Since

VRj leRj

for all j if the rms fit is perfect, the rms error is given

€ = (l/J)[VR-(ulj + wn )]2 1/2
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p—c

In order to minimize the rms error, the following is re-

N quired:

"

K

» de/ou = de/gv = de/gw =0
]

X which gives

f u§:1.2 + vf:l.m. + wz:l.n. = Z‘V 1.
» J 3 Rj™J
u) 1. m + v m + wym.n. = V_.m,
. 2: 2: J 3 Z: R] )
b 2

A W, 1l.n. + v)m.n. + w2.n. = V..n.
S E: J 3 33 2: ] Z: RJ )
r These are then solved for u, v, and w.

)

) The number of valid scattering points can be affected
. by the amount of noise present in the data. This noise can
. be caused by transmitter ringing, by cosmic noise sources
)

h not at 2.66 MHz such as the sun, by the presence of thunder-
4 .

! storms near the radar, and by man-made noise sources near

F the radar (TV or radio transmissions, generators, etc.). 1In
E addition, Stubbs (1973) points out that noise is more of a

. problem at night. Noise can often be filtered out of the

data or removed via coherent averaging (Vincent, 1984).
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CHAPTER III

DATA ANALYSIS

A majority of the following information is taken from
two articles written by Dr. Gene W. Adams (Adams et al.,

1985, and Adams et al., 1986).

1. The IMAGER

The data used for the analysis were collected via the
Imaging Middle-Atmospheric Geophysical Radar (IMAGER), which
was located at the Boot Lake field site 10 miles east of
Brighton, Colorado. The IMAGER was operated at a frequency
of 2.66 MHz with 50 kW peak-pulse-power in 30-us Gaussian
pulses. Ten independent coaxial-collinear antennas were
used; five were parallel and ran east-west, and the other
five were parallel and ran north-south. Figure 8 depicts
graphically how the radar was set up. Each antenna con-
sisted of 8 half-wave dipoles connected end-to-end with a
180-degree phase reversal at each junction. This gave it
the appearance of a length of coaxial cable with periodic
splices. All ten antennas were used simultaneously for
transmission and were sampled in pairs in rapid sequence for
reception. All the antennas were referenced spatially by

means of a phase shift to the center pair of antennas. The

longitudinal and transverse spacings of the antennas were
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IMAGER (lmaging Middle - Atmosphere
Geophysical Radar) ANTENNA

LOCATION: BOOT LAKE (BRIGHTON) COLORADO
AREA: 25.6 ACRES = |05 m2

HEIGHT: 0.IS A
FREQUENCY: 2.66 MHz

Ac 112.5M

The IMAGER setup.
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0.332 and 0.707r , respectively, which correspond to
lengths of 37m and 80m, respectively. Ten separate trans-
mit/receive switches were used, and the transmit beam was
28° wide when all ten antennas were used.

Transmission took place at 50 pulses/sec, with a four-
pulse coherent integration at each antenna pair before re-
cording the data and moving to the next antenna pair. What
are actually recorded are the complex voltages in the form
of x and y voltages returned by the atmosphere, and these
values are what are written to a magnetic tape before the
next antenna pair is sampled. Each complete frame of data
requires 0.4 seconds.

The analyzed data were recorded from 2120 UT (1420 MST)
to 2310 UT (1610 MST) on March 20, 1983. The data was placed
in 55 files with each file covering two minutes of data.
Each file consisted of 200 pulse sets which were zero-filled
to 256 pulse sets in order to use conventional FFT computer
routines. Fifty range gates were used to divide the data,
with each range gate spaced at 1.5 Km. The bottom altitude
was at 16.5 Km, which corresponded to range 1. The topalti-
tude was 91.5 Km (range 50).

With the antenna spacing of 0.707A, grating lobes are
formed at angles of #45° to the zenith. That is, all
scattering points that lie within 45° of the horizontal
will be aliased into zenith angles of 24.5° - 45°. There-
fore, all scattering points beyond the 24.5° zenith angle

are located only with an ambiguity. In this experiment only
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those poiits within 24° of the zero zenith angle are being

considered (Adams et al., 1986).

2. Stratospheric wind analysis

The previously described techniques have been proven
to work with returns from the mesosphere (Adams et al.,
1986). However, several problems occur when attempting to
utilize these techniques from the stratopause down, or from
approximately 55 Km and below. As was previously stated,
aspect sensitivity increases with a decrease in altitude.
Figure 3 shows several plots of aspect sensitivity with in-
creasing altitude. These plots were taken from another data
set provided by the IMAGER.

Radars that are less sensitive than the IMAGER would
have difficulty distinguishing between the individual
scattering points found in the radar beam. Aspect sensi-
tivity causes those points which are one on top of another
in the radar beam to appear as one point with their re-
spective power returns added together. Therefore, a single
point appears to be detected with an abnormally high power
return and is given too much importance when computing
winds. This fact is one of the main reasons radars in the
past have been unable to determine winds in this region;
they have been unable to determine "real" data from "imagi-
nary" data."

Attempts were made to avoid using data displaying

aspect sensitivity. Thic 11 volved eliminating those returns
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within a certain number of degrees of the zero zenith
angle. However, this eliminated a majority of the valid
scattering points and left few, if any, valid points with
which to work. As was shown in Figure 2, a majority of
the power returned from these altitudes comes from near
the zero zenith angle, and those returns outside of this
region do not have enough power returned to be a signifi-
cant factor in wind calculations.

It becomes apparent, then, that aspect sensitivity is
the problem to work around. However, it has also proven
to be the solution. After all, Figure 2 does show that
there are returns from the critical region. It then be-
comes a matter of distinguishing, or separating these
returns. The IMAGER proved to be sensitive enough to do
just that.

Dr. Adams (Personal communication, November 1986
through January 1987) developed a scheme with which to
separate individual returns. This involved dividing the
volume being illuminated by the radar beam into a grid
system. The volume was first divided by altitude; the
volume below 57 Km and the volume above 57 Km. This was
to control the size of the grid and the individual cells,
or grid squares, themselves. Interactive software was

developed to allow the user to vary the size of the grid

and the cells. The points within a particular cell are
averaged into one point in the center of that cell. Then,
Y e e L SR e N Y
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using the equations on page 20, the wind calculations were
made with the points determined from gridding.

Another piece of software was developed to "string"
together several data files in order to provide more points
with which to work. It was found through trial and error
that the optimum time average of data involved putting
together five files, which accounted for ten minutes worth
of data. However, certain files contained so many returns

that only three were needed to provide wind measurements.
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§ CHAPTER 1V
o RESULTS AND DISCUSSION

The next several pages show some of the findings ob-

&%

"

tained from the IMAGER using the software developed for

-

1: the data analysis. It should be noted that when this paper
- refers to wind velocity, it is not referring to an instan-
?E taneous velocity but a bulk flow rate. 1In other words, if
;i one were to take an anemometer up to the altitudes being

kﬁ considered, the results obtained would not be the same as
i; the results returned by the IMAGER. The IMAGER is averag-
3 ing over an area, for example, of a horizontal plane of 1.7
R Km on a side at 16.5 Km in altitude with a 6° x 6° grid

ﬁ system as described in the previous section. It then pro-
i vides a two-dimensional cross-section of each concerned

v altitude and groups them together, much like a stack of

‘E playing cards. From each two-dimensional representation

- a bulk flow speed and direction are obtained.

v It was found through trial and error that a minimum of
v. three data files were needed before a complete horizontal

' wind profile from 16.5 Km to 87 Km emerged. This was

§ equivalent tosix consecutive minutes of data. This, how-
13 ever, was not a hard and fast rule; some files were very

fg sparse in useable data, especially near the beginning of

;: the data acquisition time. Near the middle of the run of
.
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data collection several files had nearly enough data on
their own to provide a complete wind profile. That is,
one two minute data file had enough good scattering points
to provide a complete wind profile. As a rule, a minimum
of five data files were needed to provide a relatively
accurate wind profile. Five files, or ten minutes of data,

were sufficient to eliminate perturbations caused by noise.

Figure 9 illustrates the East-West wind speed profile.
As 1s to be expected, winds in the stratospheric ranges are
light and variable, which is indicative of the stability of
this particular atmospheric region. The term HIPEX-13
refers to the title of the data set obtained at this time
from the IMAGER, and it can be thought of as the total 110
minute period of data.

Figure 10 shows the North-South wind speed profile.

It exhibits the same characteristics of Figure 9, and is
for the same period.

Both figures show the east-west and north-south com-
ponents, respectively, as derived from rawinsonde data from
the National Weather Service station at Denver, Colorado,
for the March 20/1200Z and the March 21/00002 rawinsonde.
Notice that the radar wind measurements are higher than
those winds returned by the rawinsonde. This is due in
part to the fact that the rawinsonde has better resolution
and accuracy than the IMAGER at low wind speeds. The

IMAGER as operated here has a resolution of plus or minus
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East—West Wind Component
6 Degree lower aperature
Denver Rawinsonde Data (21/0000Z) vs HIPEX-~13
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Fig. 9. . comparison of East-West wind components as
returned by the IMAGER and March 21/0000%2
Rawinsonde data.
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North—South Wind Component
6 Degree lower aperature
Denver Rawinsonde Data (21/0000Z) vs HIPEX—13
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Fig. 10. A comparison of North-South wind components as
returned by the IMAGER and March 21/0000%2
Rawinsonde data.
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be 10 meters per second. This is best illustrated in the

following formula:

/2

horizontal velocity = ¢ 11.5/(N1 )

YW Sl

where N is the number of scattering points used to fit the
e velocity. This is valid for a zenith angle of 5°, which
can be considered typical. The rawinsonde can give read-
ings down to 1 meter per second with a high degree of
accuracy (Warnock et al., 1978)
Figure 11 is the horizontal wind speed profile,

achieved by the following formula:

' horizontal wind speed = square root (A2+B2)

where A is the east-west wind speed and B is the north-south
. wind speed. Notice how light the winds are in the region

' between 40 and 55 Km, and how the speed increases dramati-
cally at the stratopause and above (55 - 60 Km). However,
it must be pointed out that the software which determines

b, the winds for the entire middle atmosphere divides the range
into two separate regions with the dividing altitude at

[ 57 Km. That is, above 57 Km the atmosphere is divided into
a 24° by 24° grid system, or 12° either side of the zero
zenith angle, while below 57 Km only the points within a

& 6° by 6° grid are used in wind calculations. Ideally, the
N, software would allow the grid system to vary slowly as
altitude increases, especially below 57 Km where the size

of the grid sguare is critical. This again is for the
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Horizontal Wi.nd Speed Profile
HIPEX—13 Data vs Denver Rawinsonde Data
March 21/0000Z
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Fig. 11. A comparison of the horizontal wind speed of the
IMAGER data with March 21/0000Z Rawinsonde data.
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entire data set, whereas only several data files would show

more variability. Near the bottom of the graph is the
' superimposed data as taken from the 0000Z Rawinsonde run on
March 21, 1983, from Denver, Colorado.

Figure 12 illustrates the horizontal wind direction,

which can be defined by the following formula:

horizontal wind direction = TAN-1 (B/A) - 90°

b ad 4

where B and A are the same values as defined above. Notice
how the wind direction changes drastically near the strato-
pause. This indicates a strong shear zone, and should be

investigated further to see if the IMAGER can provide such

e e

information accurately.
In Figure 13 only the altitudes in the low to mid
stratosphere are shown in comparison to the Rawinsonde data.

Also on this figure the data from the 12002, March 20 rawin-

[hCiatP ol of 0

sonde are included. The wind speed indicated by the IMAGER
y below 25 Km is consistently higher than the Rawinsonde data.
It should be remembered that the calculated accuracy of the
- IMAGER is plus or minus 10 meters per second. Above 25 Km
the IMAGER does a very good job of detecting the very light
) winds in this region. Notice, too, that the shape of the
IMAGER profile follows well with the shape of the profile
of the Rawinsonde data, including the small decrease in
wind speed at around 17 Km. The possible reasons for the
discrepancies in the wind measurements are discussed in the

conclusions section of this paper.
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Horizontal Wind Direction Profile
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Horizontal wind speed

All Hipex—13 Data vs Denver Rawinsonde Data
March, 1983, 201200Z and 210000Z

6 Degree Lower Aperature
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Fig. 13. A comparison of horizontal wind speed of the
IMAGER and two Rawinsonde data runs, for the

lower stratosphere.
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Figure 14 illuminates the wind direction of the IMAGER
data versus the two Rawinsonde runs. It should be taken
into account that the indicated wind direction is not in
the standard meteorological sense. That is, the direction
of the wind is the direction in which the wind is travel-
ling to, not from. This was taken into account when enter-
ing the Rawinsonde data. Above 25 Km there is a wide
variability in direction in the Rawinsonde data, which 1is
to be expected with the light and variable winds in this
region. This can account for the discrepancies in the
indicated wind directions of the IMAGER data with the
Rawinsonde data.

Figure 15 shows a time series of the east-west wind
component for all the data. This figure is taken from the
data at 61.5 Km, which is the lowest altitude from which
wind data can be obtained for each two minute file.
Figures 16 - 18 show three consecutive altitudes and the
variability in the east-west wind speeds of each. 1In the
future, these data representations will be examined for
wave motion that would be occurring. That is, an attempt
will be made to find waves and their periods from these
graphs, to include showing the possibility of waves propa-
gating upward or downward.

Figure 19 is similar to the previous four figures
except that it shows the time fluctuations cf the vertical

wind component for 61.5 Km. Figures 20 - 22 show profiles
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Wind Velocity Fluctuations over Time
Altitude = 81.0 Km

Time = 2120 to 2310 UT
East—West Wind Component
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Fig. 16. East-West wind velocity fluctuations over time
for 81.0 Km.
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84 Wind Velocity Fluctuations over Time
2. Altitude = 82.5 Km
R Time = 2120 to 2310 UT
East—West Wind Component
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Fig. 17. East-West wind velocity fluctuations over time
for 82.5 Km.
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Wind Velocity Fluctuations over Time
Altitude = 84.0 Km

Time = 2120 to 2310 UT
East—West Wind Component
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Fig. 18. East-West wind velocity fluctuations over time
for 84.0 Km.
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Wind Velocity Fluctuations over Time
> Altitude = 81.0 Km
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N Wind Velocity Fluctuations over Time
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Wind Velocity Fluctuations over Time
Altitude = 84.0 Km
Time = 2120 to 2310 UT
Vertical Wind Component
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‘S for the same three altitudes as for the east-west wind.

. Once again, in the future these representations will be
“E studied for wave patterns.
fi Figure 23 shows the vertical wind speed for the entire
™ altitude range covered by the IMAGER. Notice that the wind
‘j speed indicated is less than plus or minus 1 meter per

§ second. Compare this with the fluctuations in the speed

. observed in Figures 19 - 22. It appears that the speeds

.; nearly average out over the entire time of data acquisition.
; That is, the wind starts with a speed directed downward but
* gradually shifts upward in the middle of the IMAGER data

J run. This should be further studied to see if this is just
: an anomaly in the data or is more indicative of what actu-
-

ally occurs.

3 Figure 24 shows the total power returned by those

% points used in the wind calculations. Notice how the power
. (in dB's) falls to a minimum near the stratopause at around
‘E 55 Km. This figure shows the sum of the power of all the
1
?E points. Figure 25 shows the total number of points actu-

T ally used in wind calculations versus the altitude. Again,
5 this shows a dramatic increase in the number of points

E detected as the IMAGER looks at altitudes above 55 Km.

‘ Note, however, that the returns at the very bottom and very
? top (15 Km and 89 Km) should not be taken as valid. 1In

é other words, true data returns are in the range of 16.5 -
87.5 Km.
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3 Total power received profile
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b Number of Scattering points vs Altitude
0y All HIPEX—13 Data
‘ 6 Degree lower aperature
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Figure 26 is a closeup view of the altitude range

I covering the stratosphere with respect to total power re-
¢ turned. This better illustrates the sharp increase in

12 power of the returns at the stratopause. As before, the
ﬁ bottom value for 15 Km is ambiguous and should not be

- considered as real.

i? Figure 27 is the tabulated rawinsonde data used in
4

comparison with the IMAGER data. Note that the wind di-
~ rections have been changed to reflect the direction the
- wind is heading to, which is the conventional way in the

field of Aeronomy.
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Fig. 26. Total power returned profile for the strato-
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CHAPTER V

N

)

N CONCLUSIONS AND RECOMMENDATIONS

The results shown indicate that the IMAGER does provide

; winds in the critical region of the middle atmosphere be-

5 tween 30 and 60 Km. This would be a first for a radar, and
! this fact makes this radar an important tool for further

,E studies of this region of the atmosphere.

ﬁ The following specific conclusions can be made:

: 1) The IMAGER is capable of providing wind speed and
ié direction for the entire altitude range of the middle
; atmosphere (20 - 90 Km). By trial and error, it was
f determined that a minimum of three data files of two

SZ minutes each are needed to provide a complete profile,
i although occasionally one file may have enough scatter-
ol ing points to provide a complete profile. It has been
; again demonstrated that the IMAGER can provide wind

g measurements above 60 Km with just one two minute file
3 of data.

ES 2., The IMAGER winds compare favorably to an order of
A

magnitude with the winds indicated by the Rawinsonde

data taken from Denver for a time only a few hours be-
fore and after the IMAGER data collection period. Any

discrepancies between the two data sets can be attri-

e .
LR RV R i

. buted to the decreased accuracy of the IMAGER in

N N N

AT )% g )
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: comparison with a Rawinsonde balloon. Also, in the

b altitudes between 20 and 30 Km the low wind veloci-

. ties as observed by the rawinsonde vary greatly with
‘3

'2 the IMAGER data due to the poor resolution of the

M IMAGER. This resolution can be improved, and these

o preliminary results indicate that the winds from

EE these two measurement techniques may ultimately agree.
: Overall, the general shape of the profile from the

S IMAGER compares well with the shape of the Rawinsonde
\i data.

-

N With these results, several possible applications of
3 the IMAGER come to mind. First of all, one should be aware
“ that the IMAGER was developed and installed in 1983. Since
;E then there have been advances in the accuracy of the hard-
o ware which the IMAGER used to collect and analyze the data.
i In addition, there are probably better transformation rou-
el

X tines that have been developed than the one used here, the
ﬁ IMSL routine for Fourier transformation. Longer files with
'% regards to the number of scattering points would enhance

? the results of the Fourier transformation by providing a

j longer period of record for the transformation.

’: A vast improvement over the original IMAGER would be
N to install the hardware and software used to derive the

i: winds at the radar site. That is, as the data are acquired
‘E by the IMAGER, winds could be derived right on the spot,

; thus providing "real time" wind calculations. That would
\

3
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M be the ultimate goal of a radar providing wind information:
« to provide instantaneous wind readings.

. Why would anyone care to know what the winds are doing
"

N in themiddle atmosphere? It has become apparent in recent

years that Man is becoming more concerned with this region

l: as one with great potential. With the coming development

‘

. of the hypersonic and hypervelocity aircraft (the Orient

\

M Express, for example) the need to know the wind conditions
. in the middle atmosphere becomes quite apparent. Also,

y this is a region in which all space vehicles must ascend

. through on their way into orbit. The knowledge of a possi-
’j ble sheer condition at a high altitude may be of importance
: to such a vehicle. Also, the recent push concerning the

N Strategic Defense Initiative ("Star Wars") must take into

: account wind velocities and directions as a defensive system
: against ballistic missiles is developed.
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