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I
I
I PREFACE

( This report describes the aurora borealis research effort being performed
by M&S Computing, Inc., under Contract No. DASG6O-74-C0026 for the U. S.

I Army Ballistic Missile Defense Command in Huntsville, Alabama. PAR Auroral
Study, Volume III, dated August 6, 1976 , constitutes M&S Computing 1 s Report
No. 76-0027 .

I The primary objective of the study is to advance the understanding of the
auroral phenomenon, especially in its interactions with radar. The primary

I data-gathering instrument is the SAFEGUARD Perimete r Acquisition Rada r in
North Dakota . This rada r has been used to collect large quantities of high resolu-
tion auroral backaca tter data with the simultaneous tracking of a number of selec-
ted satellites.

f The data presented represents the initial results of the reduction of data
I collected on March 10, 18, 26 , and April 1, 1976.
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I .  IN TRODUCTION

This report describe s spring, 1976 , data collection events , pre sents

I some of the data, and discusses the analyses being performed on that data.

1. 1 Some Background on Auroral Study

Plans for auroral studies using data from the PAR radar were initiated
- 

in the spring of 1975. The purpose of this study was to determine, for the miii-I tary, the effects of aurora on the radar surveillance and tracking functions.  The
results of a number of these studies were also much soug ht by the scientific

I community. The PAR possesses numerous characteristics including very high
transmit power , extreme sensitivity, and excellent resolution which can provide
aurora l backscatte r data of a quality previously unobta inable . Furthermore,

I the PAR is situated at a location and orientation which are especially well-suited
for auroral  data collection.

I In the fall of 1975 , during two previous data collection periods , nearly
18 hours of auroral  data was collected. Reduction of this data is now complete .
A portion of the reduced backscatter data was published by M&S Computing in

1 the spring of 1976 , as a report titled The PAR Auroral  Study, (Volume I). Vol-
ume I was the f i rst  of several planned reports , two of which have now been

I published. This volume discusses the objectives of the aurora l  studies and
describes the data reduction tools which created the auroral maps shown in Vol-
ume III. It will be necessary to refe r to Section 4 of Volume I for an explanation
of the auroral  maps.

I It is not the intent of this volume to present the results of any data anal y-
I sis , but merely to present a portion of the data f rom the four aurora! data collec-

tion periods from the spring of 1976. Reports describing aspect sensitivity and

I satellite track ana lysis studies are being prepared and will be published in the
fall of 1976.

I Of the four spring, 1976 , data collection periods , the f irst  two were
rather short-lived, for the aurora! backscatter ceased after about two hours.

I However, the nights of March 26 and March 31 yielded a most impressive col-
I lection of backscatter data. On these two nights alone, about 90 reels of com-

pute r tape were filled with data . Afte r processing this data , it was found that
the rada r may have observed the most intensely reflecting auroral  forms eve r
recorded by a radar. In addition, the sequence of forms was very dynamic and

I most unusual.

I
1.2  New Techniques Applied in the Spring of 1976

Certain changes we re made afte r the fall , 1975 , data collection in orde r

I to improve the quality of the data . The first  change was to the raster format —

used in the PAR’ s scanning sequence. The system of alternating full  and restric-
ted rasters used in 1975 has been rep laced by the sing le main raster shown in

I -1-

I



Figure 1-1. The rada r scan is constrained within the crosshatched region.
The scan begins at the lower left corner , works  left to r ight and bottom to top,
and requires about 28 seconds to perform an entire volume scan of this
reg ion.

The volume of space sampled by this raster , although limited , includes
essentially all of the region where radar aurora could be observed by the PAR.
Looking at greater eleva tion angle s will not bring more aurora into view because
of the rada r ’s minimum usable range which , at higher elevations , extends it~minimum altitude above the nominal altitude of the aurora.

Another change to the raster is the beam packing configuration. In its
auroral scanning mode , the PAR is constrained to certain fixed ang les to which
it point s the dua l beams used for auroral data collecting. For the fall , 1975 ,
auroral data collection, the beams were nested in the pattern shown in the top of
Figure 1-2. For spring, 1976 , this experiment patte rn was changed to that
shown at the bottom of the figure. The main advantage of this new patternwa s
the elimination of an undesirable checkerboard effect apparent when observing
the thin altitude slices of auroral “ Top-Down” maps.

The remaining change from fall , 1975 , was the addition of a small select-
able raster. This raster is a 6-beam wide by 9-beam high arrangement , the
cente r of which may be pointed manually at any ang le with the constraint tha t all
beam positions in the raster are within the allowable steering limits of the PAR.
These limits extend far outside the limits of the main auroral search raster.
The advantage of this small raster is that such a volume scan requires only . 7
second ; thu s, there is a higher degree of time correlation between volume scans.
This is usefu l when it is desirable to perform point-by-point averaging of many
scans. Using the small raster , this operation may be performed without the
significant errors which result from large scale change s within the aurora.
Examples of a Top-Down and a Profile map for the small raster are included as
Figures 1-3 and 1-4.

I
-2-
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2. GATHERING THE AURORA L DA TA

Global Weathe r Central forecas t  moderate to active ri iagneti~ act ivi ty
for the 2-week period centered about the Vernal Equinox. This period was la ter
extended to inc lude the firs t  week of A pril , 1976. Data was gathered on fou r
occasions during the period March 10 , 1976 , throug h A pri l  1, 1976. The act iv-
i t ies and events of each data collection period are described in this section.

2. 1 March 10, 1976

Data received from Global Weather Central indicated the poss ibi l i ty  of
minor geomagnetic disturbances occurring for the period March 10 , 1976 , to
March 12, 1976. The predicted Ap Index ranged from 33 on Ma rch 10, to 22 on
March 12. Aurora l  data collection was not scheduled to begin until March 15 ,
1976. However , during the software verification period on the ni ght of March 10 ,
rada r aurora of approximately 60 dB s/n  was observed on the A-scope.  Data
collection commenced at 0105 UT with mild auroral reflections.  Aurora l  activity
remained at this leve l until 0135 UT when the number of aurora! re turns  and the
strength of the returns increased significantly. Peak echo strength recorded
was of order 70 dB s/n. Aurora! intensity remained at this leve l until 0208 UT.
A gradual decrease in extent was observed until a stable arc  was apparently
formed at 0217 UT . Peak echo intensity decreased to 60 dB s/n .  A secondary
peak was observed to occur at 0225 UT exhibiting a very rap id buildup and sharp
decay. During the remainder of the data collection period , the observed aurora l
returns indicated a rapidly fluctua ting, unstable event which decreased in inten-
sity until 0257 UT when data collection was terminated.

Several small scan special search activities were initiated durin~ the test
period with search windows directed toward the region antici pated to produce
maximum aurora! reflectivity.

Figure s 2-1 through 2-16 provide a representative samp ling of the rada r
aurora observed for the 2-hou r period.

2.2 March 18, 1976

Preparations for collecting aurora! data were completed on March  1 5,
1976. All software modifications had been successfull y validated. Ear l y fore-
casts from Global Weathe r Center had indicated a good probability of moderately
active aurora.  Globa l Weather Center predicted an A p Index of only 19. How-
ever , the site team supporting the data collection was assembled and data col-
lection commenced at 0100 UT. The A-scope presentation was already indicating
a significant auroral disp lay. The intensity and extent of the aurora was similar
to that observed on March 10; however , the duration and activity of the aurora l
presentations were significantly less than previously observed. The apparent
diffuse arc gradually faded until 0145 UT when a relatively discrete stable form
was achieved. Data collection w~~ terminated at 0156 UT.

-7-
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Figures 2-17 through 2-24 pro vide a sampling of the data gathered.

2.3 March Z6, 1976

On March 26 , 1976 , at 0100 UT, the auroral software was loaded into
the PAR data processor .  At 0300 UT , Global Weather Centra l  reported quiet-
to -ac t ive  au ro ra  with the global Ap Index at 25 . Increas ing  au ro ra l  act ivi ty was
reported at 0443 UT . The int - n s i t y  of the au ro ra  saturated the signal pr ocesso r
so 12 dB attenuation was inser ted.  It was removed subsequently at  0449 UT.
Global Wea the r  Cen t ra l  repor ted  a major  sto rm at 0515 UT. At 0633 , 12 dB
at tenuat ion  was again  requi red .  It was removed at 0634 UT . From 0700 UT ,
a u r o r al  act ivi ty  inc reased  un t i l  12 dU at tenuation again was r equired at 0905 UT.
It was removed at 0906 UT. At 0920 UT , 12 dB attenuation had to be added again
and then increased to 18 dB at tenuat ion at 092 1 UT. The dynamic na tu re  of the
au rora and its steady buildup during the nig ht are evidenced in the Activity and
Event Profi les shown in Figures  2 - 2 5  throug h 2-27.  Figure 2-25 presents the
act iv i ty  as a funct io n of numbe r of r etu rn s , Figure 2-26 as a function of peak
s ignal- to-noise  ratio , and Figure 2 -2 7  as a functio n of average s ignal- to -noise
ratio . Fi gures  2 -28 throug h 2-58 show a co r re spond ing  set of Top-Down maps.
Figures  2-59 through 2 -65  show a cor responding  set of Profile maps.

2 . 4  Apri l  1, 1976

Forecasts from Global Wea the r  Central  indicated that a magnet ic  storm of
near  equal in tensi t y to the March  26 , 1976 , event would occur during the period
Apri l  2 , 1975 , throug h A p r i l  6 , 1976 , with the probable peak expected to occur
on April  4, 1976. As a result , PAR site personnel  had monitored the A-scope
presentat ions daily to pro vide an a ler t  notification of the onset of an a u r o r a l  dis-
play.

Global Weather Central  notified the site operations personnel  at 0300 UT
that the global Ap Index was 78 for  the period 0300-0430 UT. The Ap Index was
predicted to be in excess of 125 f rom 0430-0500 UT and to be in excess of 50
for the period 0500-0730 UT. Data collection activit ies commenced at 0415 UT.
For ty- three  data tapes were  gathered between 0415 and 1059 UT. As much as
30 dB attenuatio n had to be inser ted in the si gnal processor  f ron t - end  to avoid
satura t ion which occurs  when the s igna l - to -no i se  ratio exceeds the dynamic
range of the receiver.  Se vera l  attempts to record aurora l ly gene ra t ed  noise in
the PAR band were  made. Communicat ion with U. S. Air Force personnel  at
the rada r station in Finley, Nor th  Dakota , indicated the southern ed ge of the
au ro ra  often extended south of the PAR.

Figures 2-66 throug h 2-87 show large d i f fuse  disp lays of the aurora .
The apparent  lack of density resulted f rom the quant ization of the data due to
hig h peak intensity re turns .  The number  of r e tu rns  (video peaks) per scan
interva l remained stable (between 30 , 000 and 45 , 000 r e tu rns )  throughout  the
experiment. The app lication of attenuation dur ing the process ing  of each re tu rn
resul ted in the loss of some of t h e  smaller echoes , since afte r attenuation they
would no lo nger satisf y the th reshold ing  requirements .  Figure  2-82 is of note
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I
in that this Is a map of aurora in which the raw signal-to-noise ratio exceeded
101 dB. These may be the strongest auroral echoes which have been recorded.
The reflectivity of the auroral irregularities exceeds -75 dBmZ/m3•
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3• ADDI TIONA L DA TA AVAILA BLE FOR STU D Y

The data collected on the PAR magnetic digita l data tapes include s only
auroral backacatter and satellite track data and comprises nearly 95~c of the
total data gathered. Other data regarding the levels of ionospheric absorption
and geoma gnetic disturbances were gathered to provide a means of correlating
the intensity of radar aurora with ionospheric perturbations. As was the case
for experiments conducted in September, 1975, the aurora! observation station
at Fort Churchill , Manitoba , Canada , a site operated for the Canadian Research
Council, monitored these conditions for the experiments conducted on March 26,
1976, and on April 1, 1976.

Riometer and magnetometer data were recorded on strip charts and
supplied to BMDSCOM to aid in the analysis of the auroral data. These record-
ings are being used in an attempt to define the effects of geomagnetic distur-
bances on the aspect sensitivity of auroral backscatter. A detailed discussion
of this effort is beyond the scope of this volume, but will be presented in a
separate report at a late r date.

Verbal communications were maintained with the U. S. Air Force rada r
station at Finley, North Dakota , to establish further the presence and southern
extent of the aurora. The Finley radar station is located some 75 miles south
of the PAR and operate s at a frequency near the PAR band. Observation of
au rora from this radar established tha t the aurora indeed extended south of the
PAR.

Additionally, photog raphs of the aurora , a s observed by the Defe nse
Meteorologica l Satellite operated by Globa l Weather Central , were obtained to
provide yet another possible means of correlating visual and radar aurora! ob-
servations. Photographs rece ived thus far were taken at times and locations
which do not correspond with the data gathering periods at the PAR. It was
learned that higher priority mission objective s precluded continuous satellite

• observa tion. No usefu l photographs were available.
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4. ANALYSIS OF THE A URORA L DATA

A number of analytical studie s are being performed by M&S Computing.
These include an attempt to measure any PAR band noise which might be gen-
erated by the active aurora.  A second study involves an evaluation of the effe c-
tiveness of sidelobe blanking techniques in the presence of strong auroral echoes.
The object of another study is to analyze the perturbations which associated
aurora! phenomena might induce in the tracking operation. The research which
promises to yield some of the most interesting results is the aspect sensitivity
study. The PAR has yielded backscatter data with better than 10 dB s/n  f rom
ang les greater than 20° off-perpendicular. The results of this study will be a
characterization of the aurora! aspect sensitivity relationship from near O’~ to
almost 200 off-perpendicular. This range exceeds considerably the results from
previous studies. Due to much higher resolution of the PAR and new processing
technique s, the results of this study should provide a much clearer characteriza-
tion of the aurora! aspect sensitivity relationship than was previously possible.

4. 1 Aspect Sensitivity Ana lysis

Volume U of the PAR Aurora! Study series described in detail
the techniques being used to perform the aspect study. The PAR data is excellent
for use in aspect studies because of the wide range of aspect ang les and the high
resolution. One of the tools ~or supporting this analysis is the scatter plot.
Through visual correlation or curve fitting techniques , the scatter plot can be
a useful tool for generating the aspect relationship.

The M&S Computing studies have demonstrated that aurora! reflectivity
is a function of many parameters.  The researcher must be very careful in
attempting to characterize aspect relationships by plotting the reflectivity versus
magnetic aspect ang le of a set of data. The location of the backscattering points ,
especially the a ltitude, often appears to have a stronger influence on reflectivity
than the magnetic a spect angle. For this reason, data is selected from narrow
altitude bands, usually 1 km or less , and from regions which are otherwise re-
stricted in extent.

Tools have been developed to aid in the selection of specific sets of radar
pointing ang les. One of these tools incorporates an ove r lay of three critical
parameters , location of backacatter , off-perpendicular ang le , and actua l beam-
steerin g angles. This is accomplished by overlaying a Top-Down map slice ,
contours of constant aspect ang le , and a grid of constant sin a and sin $ contou rs,
all restricted to a narrow altitude band.

The intersections of these sin a arid sin $ contours show the beam pointing
ang les used for auroral mapping. With these tools , one can select an optimum
set of pointing ang les and be assured that data points will be distributed uniformly
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over a selected band of off-perpendicular angles. Furthermore, the sample
region can be restricted sufficiently so that it does not contain any obvious anom-
alies , holes, edges, etc.

An example of this overlay is given in Figure 4-1. Figures 4-2 and 4-3
are examples of the many scatter plots which have been generated.

4. 2 Satellite Track Analysis

As a part of the PAR A urora Study, a number of satellites was tracked
concurrently with the collection of aurora! backscatter data. This data was taken
because previous work had indicated the possibility of significant scintillation
effects at the PAR frequency during periods of auroral activity. These effects
appear as rapid fluctuations in signal power and apparent target position and
are thought to be caused by irregularities in the ionospheric F reg ion, the cha r-
acteristics of which are known to be related to the magnetic disturbances asso-
ciated with auroral activity.

The method chosen to study the scintillation effects was to ana lyze the
point-by-point fluctuations. From a sliding window consisting of five consecu-
tive rep lies , indices of amplitude and angular scintillation are generated using
the following equations :

Smax - SminSIP = , and
Smax + Smin

= Omax -

where Smax and Smin are the maximum and minimum rep lies in watts from the
five points in the window and Omax and Omin are the maximum and minimum
angle in degrees of either azimuth or elevation. To emphasize the different
mathematical form of the equations , the amplitude index will be referred to as
a scintillation index and the ang le indices as perturbation indices. Plots of
these indices versus elapsed time are then generated and examined for scintilla-
tion effects.

In addition to the above indices , a composite plot showing curves of azi-
muth, elevation, range , and raw reply power is generated for each track.

Figure 4-4 is an example of a composite plot for spherical satellite 902.
Figures 4-5 , 4-6 , and 4-7 are the corresponding plots of amplitude scintillation
index, azimuth per turbation index, and elevation perturbation index respective ly.
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FIgure s 4-8, 4-9, 4- 10, and 4-11 show a set of plots for transit satellite
6909. I

A full track analysis report containing plots for all satellites and several
examples of tracks taken in the absence of aurora will be published in the near
future.

4~ 3 Other Studies in Progress

Several other studies have been initia ted in which other aspects of the I
aurora are being investigated. They will be discussed in the following sections.

4. 3. 1 Morphology of Auroral Backscatter During Breakup

The purpose of this study task is to investigate the motion of the individ- Iual reflecting pa tches during auroral breakup. By observing a great number
of consecutive scans, it is hoped that it will be possible to characterize this
motion and determine if it is related in any way to the expected motion of the
auroral electrojet.

4.3.2 Edge Effects

In the analysis of the aspect sensitivity of various forms of the aurora , I
a sharp contrast between areas of intense aurora and areas only a few kilometers
distant which exhibit no aurora was noticed. Close inspection of the maps gen-
erated revealed that , for some of these boundaries , a tapering of reflectivity
indicative of the effects of aspect sensitivity exists. In other instances , a sharp
cutoff of reflectivity was exhibited. The ed ge effect study is an attempt to ex- Iplain the characteristics exhibited by different forms of the aurora , bo th as it
tapers and as it suddenly disappears. The study is included as a part of the as-
pect sensitivity study currently being conducted.

4. 3.3 UHF Noise Generation

Several other workers have conducted studies of noise generation in
the E Region. The effect of active noise generation in the aurorall y per turbed 1ionosphere would be a possible source of degradation of signal-to-noise ratio
of a radar or other communication system. A determination of these effects
on rada r has not, to our knowledge , been studied. The basic questions unan-
swered at this point include the following.

o Does the aurora , in its excited , most active phase, generate
sufficient, if any, noise in the PAR frequency spectrum to
effectively mask echoe s returned from areas of the Ionosphere Ioutside the auroral zone ?

I
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o Is the orientation of the PAR with respect to geomagnetic
north related to the level of “ sk y noise~ d u r i n g  the au ro ra , 

-

and doe s a significant portion of the noise emanate from the
auroral zone ?

The study is incomplete at this time; however , preliminary analysis of
intensity of the returns indicates inconclusive results. Further study in thi s
area is required.

4. 3. 4 Sidelobe Suppression of Auroral  Echoes

One of the reasons the aurora, analysis study was undertaken was to
investigate the blanking of sidelobe re turns  from the au~ oral regions. The study
involved determining if the sidelobe blanker (Q-Channel) in use has sufficient
gain at all ang les to adequately blank echoe s occurring in the radar sidelobes.
Several tests of sidelobe rejection using two Q-Channel antenna patterns were
performed during the spring aurora experiments. Additionally, the effects of
sidelobe echoes with no sidelobe suppression were tested. Unfo r tunately, c ir-
cumstances during the test were such to render the data inconclusive. The Q-
Channel study is incomplete at present. A separate report will be published at
a late r date detailing the methodology and pertinent results.

4. 4 Use of IGDS Zoom Feature

The M&S Computing Interactive Graphics Design System on which all of
these plots were generated provides many capabilities such as zoom-in. The
user  designates the region shown in the box of Figure 4- 12 and the IGDS produces
a centered image at the expanded scale as shown in Figure 4-13. This figure
show s how sharp the edges of the aurora can be. The scale of the expanded
figure is about 25 km/inch.
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5. CONCLUSION

The data in this report has been presented with a minimum of exp lana tion .
It is intended to corn plenient Volume I and depends heavily on that volume for
background material and procedural explanations. Cop ies of Volume s I and II ,
as well as desired additiona l data including individual altitude slice s of Top-
Down 1 s , azimuth slices of profile s , and expanded scale maps (b lowups) ,  also
may be obtained.
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