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MULTI-TECHNIQUE STUDY OF IONOSPHERIC STRUCTURES CAUSING
DEGRADATION IN TRANS-IONOSPHERIC COMMUNICATIONS SYSTEMS

Summary

A variety of diagnostic techniques has been used at
equatorial, middle, auroral and polar latitudes to probe large
and small scale ionospheric structures which cause degradation in
trans-ionospheric communications systems.

By conducting ionospheric scintillation measurements at
various stations in different latitude regimes of the globe, we
were able to establish that the equatorial anomaly crest region
is the most disturbed irregularity environment with 30 dB
fluctuations observed at 1.5 GHz and 7 dB fluctuations observed
even at 4 GHz (Attachment 1). We were also able to provide the
first long-term measurements of phase scintillation at such a
location - the rms phase deviations being as large as 16 radians
at 244 MHz (for 100-sec detrend period) in the pre-midnight hours
of high sunspot years (Attachment 2).

The polar cap was also found to be a seat of large phase
fluctuations at 250 MHz with values as large as 12 radians being
observed (with 82-sec detrend period) at Thule, Greenland
(Attachments 2 and 3). It is quite possible that these large
phase scintillations occur in conjunction with large increases in
total electron content (TEC) observed with Global Positioning

System (GPS) satellites at Thule, with factors of 2 increases in

TEC above the background not uncommon (Attachment &4). By




conducting continuous intensity scintillation measurements at
Thule over half a solar cycle, the very significant effect of
sunspot number in controlling the magnitude and occurrence of
scintillations was established (Attachment 2).

In the auroral oval a new class of irregularities was
identified which was associated with shears in the background
convective plasma flow (Scientific Report 2 - Basu et al.,
Geophysical Research Letters, 13, 101-104, 1986). Multiple
diagnostic instruments such as the incoherent scatter EISCAT
radar, the coherent backscatter STARE radar and the Hilat
satellite in-situ measurements of ion drift were utilized to
determine the presence of velocity shears. The small scale
irregularities (< 1 km) were found to have relatively shallow
spectral slopes and large power spectral densities at hundreds of
m scalelength as evidenced by the substantial scintillation even
at 413 MHz, An earlier study done jointly with the Atmosphere
Explorer-D and DMSP satellites also provided evidence for shallow
spectral slopes of density irregularities in conjunction with
velocity shear regions and steep spectral slopes in regions of
energetic electron precipitation where E-layer conductivity was
high (Attachment 5). The large temporal and spatial variability
of the background plasma flow gives rise to large variations in
decorrelation times and in phase and intensity scintillation
rates which adversely affect communications systems at 250 MHz
operating in the high latitude environment (Attachments 2 and 3).

Measurements of TEC made at mid-latitude stations such as

Haifa (L = 1.24) and Athens (L = 1.37) showed the importance of
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downward fluxes of electrons from the equatorial regions in
causing post-sunset increases of TEC at the lower latitude
station of Haifa (Attachment 6), The problems involved in the
determination of absolute ionospheric time delay from GPS signals
were studied. It was found that multipath effects from the local
environment of the receiving antenna can cause severe
contamination of ionospheric group delay measurements made with
the GPS pseudorandom noise receivers (Attachment 7).

At the magnetic equator, scintillations caused by a new
class of irregularities known as bottomside sinusoidal (bss) were
isolated (Attachment 8). The unique feature of this class of
irregularities is that Fresnel oscillations are observed in their
spectra indicating that these irregularities occur in relatively
thin layers (probably < 50 km in altitude extent), The patches
containing these bss irregularities, however, are quite extended
in the E-W direction sometimes covering more than 1000 km.

A host of diagnostics was used to study the other well-known
class of equatorial irregularities known as "bubbles" during an
extensive rocket campaign conducted in Peru called "Project
Condor". Using scintillation, radar backscatter, and digital
ionosonde data, it could be shown that two factors, other than
the classical Rayleigh-Taylor plasma instability process, must
operate to yield the longest-scale horizontal organization of
spread-F structures. These two factors are probably shears in
the background plasma flow and gravity wave induced vertical

motions as discussed in Attachment 9. A careful analysis of the

GHz scintillation data obtained during Project Condor established
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that the height integrated rms electron density deviation of

200 m scale irregularities causing 1.7 GHz scintillations
maximizes in extended 3-m backscatter plume structures. Further,
the spaced-receiver scintillation measurements yielded
irregularity drift velocities in fairly good agreement with the
50 MHz radar interferometer results (Attachment 10). All the
above equatorial irregularity results, as well as, the importance
of nighttime F-region dynamics in controlling the magnitude of
scintillations were summarized in a recent review of equatorial
scintillations (Scientific Report 1 - Basu and Basu, J. Atmos,.

Terr. Phys., 47, 753-768, 1985).

. -

LI - L L.
~ A P PN N

e e e
Lu Y P



ATTACHMENT 1

Radio Science, Yolume 20, Number 3, Pages 357-365, May-June 1985

UHF/GHz scintillation observed at Ascension Island from 1980 through 1982

J. P. Mullen, E. MacKenzie, and Santimay Basu

Emmanuel College. Boston, Massachusetts

H. Whitney

Air Force Geophysics Laboratory, Hanscom Air Force Base, Massachuseits

{Received July 25, 1984 accepted October 15, 1984))

Three years' scintillation measurements taken at Ascension Island have been reduced and are pre-
sented here The 1.5-GHz and 257-MHz signals of Marisat were supplemented by 3.9-GHz observa-
tions during January-May 1981. While their temporal patterns are similar to those found earler in the
Afro-Amencan zone. they exhibited unusually frequent occurrence of heavy scintillation at gigaheriz
[requencies often exceeding 30 dB at 1.5 GHz and 7 dB at 4 GHz These patierns are atinbuted in part
to the position of the station near the southern peak of the Appleton anomaly. Comparisons are made
between thewe and similar observations taken at Hong Kong, ncar the northern peak of the anomaly.

INTRODUCTION

Scinullation measurements from the geostationary
satelhte Mansat at UHF (257 MHz) and L band

occurrence of scintillation greater than 6 dB (Figure
2) and 15 dB (Figurc 3) at the L band frequency as a
function of local time¢ (LT = UT —~ 1 hour) during
1980-1982. These generally follow the equatonal pat-
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::2:;“8?;5(,,'55‘4: 4?8H3)“:‘:"°[)':C':;';gr 3;9’7‘;?“;;’:22 terns described carlier [Mullen et al, 1977, 1983; N
years' data (1980-1982) have been analyzed to pro- Paulson, |98‘.] in which heavy sqnq]lau_on common- -t
vide statistical information on the intense scintil- ly occurs during Seplembcr-Aprll.WIlh tittle in May— .r
lation observed here, which is more severe than that August. The sunrise "T‘d sunset times .at an gltltudc e
obscrved at other cquatorial stations [Aarons et af, ©f 110 km corresponding to the E region height are g
1981] During early 1981 (January-May), measure- indicated by the dotted lines in both_ dl‘agrgms. It N
ments were also available on C band (3.9 GHz) from ™MaY be noted that (hcvcon:ours of. scintillation oc- ::.
this satellite. The scintillation magnitudes of L band currence arc confined in thc -ime mt.crval bc(.wccn 's::
and C band measurements were obtained following sunset and about 4 hour.s prior (o sunrise. Occasional :-'
the standard reduction precedure of Whitney [1974). intrusion of the dotted line |ps1dg the occurrence con- s.f:
The UHF scintillation data were scaled only to the tours 1s causcq by the lS-mm time resolution of the *
cxtent that tmes of scintiliation occurrence > 10 dB computed SI index. An cxamination of the raw data,
) however, reveals that the sunset always precedes the A
were noted. e . C P a7
onset of scintillation. A detailed examination of the Ny
THE DATA occurrence pattern will be made in a later section. .*:
Based on this patiern, in 1981 and 1982, data was %)
Figure 1| shows a sample of scintillation on all 3 not taken during the light occurrence months. N
frequencies obtained on February 3, 1981. Saturated In order to show the time history of the onset and .
scintillation was seen at UHF, with up to 31 dB at L decay of UHF and L band scintillations in the course
band and 7.3 dB at C band. This could be considered of a single night, we illustrate in Figure 4 the daily <
a common occurrence at this time. occurrence of UHF scintillation S/ > 10 dB and L e
Figures 2 and 3 are contour plots of the percent  band scintillation S/ > 1 dB as a function of local -
time (LT = UT - 1 hour) for the month of March ]
1980. We have chosen this particular month as it [ .
Copynight 1985 by the Amencan Geophysical Union shows the maximum occurrence of scintillation. The o
Paper number 451358 stniking features of simultaneous onset of scintil- ::' Y
0N48-6604/85/004S-1 358308 00 lations at both (requencies at about 2000 LT, the _.z
>
187 ~
The U.S. Government Is authorized to reproduce and sell this report. @
Perrpission for further reproduction by others must be obtained from ‘ S
the copyright owner. ? .
’ e, ,'_-‘. ( ‘.ly 'v‘\f\f~ \1",'_‘.':a-“.-".'.'¢'.1-_-: - -.I“ .
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IONOSPHERIC AMPLITUDE SCINTILLATION
ASCENSION ISLAND - 3 FEB. 1981

FLTSAT
T

MARISAY

237 MHs

MARISAT
1941 Mg

J‘”‘“"’*’W’W

2308 uT

- ; -
a2 -S— N
Te 22 ——
<3 -8 —
2L 24—
Fig. 1. Sample of scintillation observed at Ascension Island on February 3, 1981.

decay of L band scintillations seen after local mid-
mght, and the persistence of UHF scintillations as
long as 0400 LT are seen.

Cases of L band scintillations without any accom-
panying UHF scintillations (e.g., March 5 and 6 be-
tween 0000 and 0100 LT) are a resull of the data
analysis procedures. The UHF data were scaled to
exact on/off times of scintllation index >10 dB
while the L band data were scaled in the standard
15-min reduction scheme which assigns a decibel
value to 15-min data blocks. In Figure 5, a similar
daily occurrence pattern for February 1981 is shown
when the C band (3.94 GHz) scintillation data were
available in addition to the UHF (257 MH2z) and L
band (1.54 GHz) frequencies. The diagram indicates
that the onsct of scintillations in the wide frequency
interval of 257 MHz to 3.94 GHz is near simulta-
neous but the decay of scintillations is progressive
from the highest to the lowest frequency. This implies
that the irregularities in the scale-length range of
about 700 m and 175 m, corresponding to Fresnel
dimensions of 257 MHz and 3.94 GHz, respectively,
attain their maximum strength simultaneously, but
the lifetime of the 700-m irregularities is several
hours longer than the 175-m irregularities.

In view of the localization of scintillations men-
tioned above, further analysis was done in two
4-hour time blocks, namely, the premidnight time
block between 2000-2400 LT and the postmidnight
block between 00000400 LT. Figures 6 and 7 show
the L band monthly occurrence levels of various

fading depths during these two most active 4-hour
time blocks. The fading depths correspond to scintil-
lation indices as shown in Table 1.

For premidnight scintillation, the peak month of
the 3 years is March 1980. In view of the very low
occurrence of postmidnight scintillations, it is diffi-
cult to assign any statistical significance to the ob-
served seasonal pattern. The premidnight occurrence
peak is approximately 4 times as great as the post-
midnight.

Within the premidnight time period (Figure 6), it
appears that two patterns of fade levels occur. At the
lowest level of fade occurrence (>S5 dB), one broad
maximum runs from September-March. At the high-
est level of fade occurrence (>20 dB) two distinct
maxima emerge {rom the broad background, the first
in September—October and the second in February-
March. An asymmetry between the two cquinoxes
may be noted, which seems to vary over the ycars. In
the 1980-1981 period, scintillations are accentuated
in March, whereas in 1981-1982, the occurrence 15
higher in September.

The pattern of magnetic activity on a monthly
basis suggests a possible explanation for these excep-
tions. The statistics presented in this paper have been
compiled regardless of magnetic activity index. Kp
As noted in Aarons et al. [1981], increased magnetic
index inhibited santillation  (during  January-
February 1980). Aarons et al. [1980] noted this at
Huancayo, Peru at which ume it was secn that this
decrease was of differing severity in different seasons,
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OCCURRENCE OF SCINTILLATION AT ASCENSION 1SLAND
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Fig. 4 Daily occurrence of UHF (5/ 2 10 dB) and L band (S > | dB) santillation during March 1980 as a
function of local time.

and in May-July actually reversed to an increase. In
March 1980, when the percentage occurrence of scin-
tillation was higher than anticipated, the percentage
of ime that the magnetic activity index Kp was dis-
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Fig 5 Daly occurrence of UHF (S1 2 10 dB). L. band (S1 > 1
dB). and C band {S] 2 | dB) sainullation during February 1981 as
a funcuion of local ime

turbed (> 3) was less than in other months, and in
March 1981, when the percentage occurrence of scin-
tillation was lower than anticipated, the percentage
of time that the magnetic activity index was dis-
turbed (> 3) was greater than in the other months. In
September—October 1982, reduced sunspot number
and increased magnetic index seemed to link together
to reduce S/ (decibels).

Various percentiles of scintillation occurrence at
1541 MHz were computed during 1900 LT to 2300
LT, the period of maximum scintillation activity.
Figure 8 shows for the year 1980 the median, the
90th and 99th percentiles of occurrence: that is, the
percentage of time where scintillation 1s equal to or
less than the ordinate. It may be noted that in March
1980, scintillation index as high as 18 dB was at-
tained at 1541 MHz for 50% of the time. It 1s also
significant to note that scintillation index exceeding
29 dB was observed 10% of the time over the broad
period of September 1980 to March 1981. Figures 9
and 10 show similar statistics for 1981 and 1982
These diagrams depict the vulnerability of 1541 MH7
communication hnks in the extremely disturbed
ionospheric environment at Ascension lIsland. An
outage as large as 10% for systems with fade margins
of 24 dB is a common occurrence for about 6 months
between September and March
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DISCUSSION

The high intensity and occurrence of gigahertz
scintillation observed at Ascension Island have been
described by Christiansen [1971), Aarons et al.
(1983)., Basu et al. [1980a), and Basu and Basu
(1981). Among others, Aarons et al. [1981] hypoth-
esize that the dominant underlying factor is penctra-
tion by the raypath of the equatorial anomaly crest.
They ¢ 1ipare the Ascension observations with those
taken .t Huancayo (2.5°N dip) and attribute the

grcater anomaly region scintillation to higher noc-
turnal electron densities (and therefore higher valuc
of electron density deviation, AN) than at the mag-
netic equator. Electron density levels in the evening
at Ascension greater than 4 times that found at the
dip equator have been suggested by Gerard et al.
(1977].

In the postsunset period, the near simultaneous
onsct of scintillations in the broad frequency interval
of 257 MHz to 3945 MHz is significant. Since the
Fresnel dimensions of 257 MHz and 3945 MHz ob-
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TABLE I. Conversion of Fade Level 1o Santiliation Index

Fade Level, dB Scintillation Index, dB

25 286
210 2157
215 2226
220 2282

servations are about 700 m and 175 m, respectively,
it is concluded that the irrcgularities in this broad
scalc range attain maximum spectral intensity simul-
taneously. The hfetime of short-scale irregularities 1s,
however, scveral hours shorter than the larger scales
as indicated by the carlicr decay of scintillations at
higher frequencies. This extends the initial observa-
tion of simultaneous generation of large- and small-
scale irregularities found by Basu et al. [1980b] in
Pcru using scintillation recordings, the Jicamarca
radar backscatter, and in situ data from AE-E.

Fang and Liu [1983], observing at Hong Kong
{(dip = 30°N). have reported gencrally similar resuits
to thosc found at Asccnsion. Obscrving at 4 GHz,
they find scintillation occurrence equinoctial in
character as we do at Ascension; during peak hours
in Scptember 1979 scintillation of 2-6 dB occurs up
to 45% of the timc, and up to 65% in March 1980.
Qur extensive observations at 1.5 GHz confirm the
above result.

ASCENSION ISLAND 541 MMy

99%

20 - 2eauT

0%
Sita®)

J F M A M J 4 A S O %W D
1980
Monthly median. 90th and 99th percentiles of scintillation

occurrence in 1980 (2000-2400 UT)

Fig 8

ASCENSION 1S AND 1941 Wty

siles)
[

ND

1901
Fig. 9. Monthly median, 90th and 99th percentiles of scintillation
occurrence 1 1981 (2000-2400 UT).

Width of the anomaly crest

Assuming that the results at Ascension and Hong
Kong are duc to their respective positions under the
southern and northern crests of the anomaly, the
question rises as to why the reported scintillation
observed at Taipei, Taiwan (dip = 35°N) is so much
less intense and less frequent. This has been studied
by Wernik et al. [1983] whose findings indicate that
the region is characterized by extremely sharp lati-
tudinal gradient of total clectron content. They
invoke the suggestion of DasGupta et al. [1981] and
state that the extreme latitudinal gradients at the
anomaly region may result from the sharp altitude
distribution of the plumes in the equatonal region.

Sensitivity to magnetic index (Kp)

An attempt was made to study this problem from
a data set obtained during May, June and August
1980 when scintillation occurrence is minimum.
During May, there were no L band scintillation.
UHF scintillations were seen on five occasions. The
magnetic indices (Kp) for these times were 5, 4. 1, 4,
3, and 5. Duning June, UHF santillation again oc-
curred on 5 nights. On 2 nmights, the UHF activity
was accompanied by L band scintillations when the
Kp values were 5- and 5+, respectively. This is 1n
agreement with earlier work [Mullen, 1973] which
indicated that during periods of mimmum scinul-
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lation activity, scintillation occurrence is enhanced
by magnetic activity. However, on several nights
when the Kp values reached 5 or higher, no scintil-
lation was seen. The data during July and August
indicated that 75% of cases with strong scintillation
activity were magnetically disturbed. Obviously, an
clevated Kp cannot be the sole triggering mechanism
during this pcriod. During other months, clevated Kp
has beecn shown to inhibit scintillation [Koster,
1972].

CONCLUSIONS

Three years™ observations of 1.5-GHz scintillations
at Ascension Island, supplemented by 257 MHz most
of the time and 3.9 GHz part of the time, are reduced
and presented here.

Unusually heavy scintillation observed on giga-
hertz signals at Ascension Island is attributed to ray
penetration of the F region irregulanties in an envi-
ronment of high background ionization density that
develops in the region of the Appleton Anomaly
shortly after sunset. The postsunset enhancement of
background ionization density is most marked near
Ascension Island where the transport of ionization in
the magnetic meridian through the agency of the
zonal neutral wind is facilitated due 10 the high mag-

G N T e A N N A A N S N R A N AN AN NN

netic declination in this longitude sector. The results
mcasured at Ascension arc compared (0 thosec mea-
sured at Hong Kong which is also under the anoma-
ly crest and are found generally similar. Scintillation
commenced simultancously at UHF and GHz fre-
quencies. Scintillation diminished and stopped first at
the higher frequencies leading to the conclusion that
the irregularities achieve maximum intensity togeth-
er, and the larger scale sizes decay more slowly.

Magnetic dependence of “off season™ scintillation
has been examined as a trigger mechanism and found
inadequate to explain the day-to-day variability of
scintillations.

Gigahertz scintillation occurrence peaks during the
premidnight hours (2000-2400 LT) when 10%
outage of L band links with 25-dB fade margins are
observed.

In general, scintiliation magnitude falls off as sun-
spot number decreases, mainly as a result of the de-
crease of F region ionization density in the post-
sunset hours. The decrease of scintitlation occurrence
is possibly a result of the limited altitude extent of
the irregularities at the magnetic equator.
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250 MHz/GHz Scintillation Parameters in the
Equatorial, Polar, and Auroral Environments

SANTIMAY BASU, EILEEN MARTIN MacKENZIE, SUNANDA BASU, EMANOEL COSTA.,
PAUL F. FOUGERE, senior memBer, 1IEEE, HERBERT C. CARLSON, JR.,
AND HERBERT E. WHITNEY

Abstract—lonospheric scintillation effects encountered in the equa-
torial anomaly crest, polar cap, sand aurorsl regioas have been con-
trasted lo provide information for the design and evaluation of the per-
formance of multifrequency satellite communication links in these
regions. The equaterial anomaly region s identified as the most dis-
turbed irvegularity enviconment where the amplitude snd phase struc-
tures of 250 MHz and L-band scintillations are primarily dictated by
the strength of scattering rather than lonospheric motion. In the snom-
aly region, the spectra of intense amplitude scintiliations at (hese fre-
quencies are characterized by uniform power spectral density from the
lowest frequency (10 MHz) to 4 Hz st 257 MHz and to 1 Hz st L-band
(1541 MHz) snd steep rolloff st higher fluctuation frequencies with
power law indexes of —5 10 —7. Such structures are compatible with
intensity decorrelation times of 0.1 and 0.3 s at 257 and 1541 MHz,
respectively. The phase spectra at 244 MHz are described by power
law varistion of psd with frequency with typical spectral indexes of
~2.4. The strong scattering at VHF induces extreme phase rates of
200° in 0.1 s. The 90th percentile values of rms phase deviation at 244
MHz with 100 s detrend are found to be 16 rad in the early evening
hours, whereas amplitude scintiltation can cover the entire dynamic
range of 30 dB not only in the 250 MHz band but at L-band as well. In
the polar cap, the 50th and 90th percentile values of rms phase devia-
tion at 250 MHz for 82 s detrend are 3 and 12 rad, respectively, with
comparable values being obtained in the auroral oval. The correspond-
ing values for the 5, index of scintillation are 0.5 and 0.8 in the polar
cap, which are slightly higher than those recorded in the auroral oval.
The power law index of phase scintillation at high latitudes is in the
vicinity of —2.3, which is not a result of very strong turbulence as in
the equatorial region but is considered to be a consequence of shallow
irregularity spectral indexes. The phase rates at auroral locations are
sa order of magnitude smaller than in the equatorial region and attain
values of 100° in 0.5 s. The extreme variability of ionospheric motion
In the suroral oval sensitively controls the structure of scintillations.

The long-term morphology (period 1979-1984) of intensity scintil-
iations at 250 MHz in the polar cap shows that, in addition to the sb-
sence of diurnal variation of scintillations, and the presence of an an-
nual variation with a pronounced minimum during local summer, there
exists & marked solar control of scintillation activity such that it
abruptly decreases when the solar aclivity falls below a threshold level.
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ATELLITE communication links in the 250

MHz /GHz range can be subjected to the effects of
ionospheric scintillations which are caused by the irreg-
ularities of electron density in the F-region of the ionos-
phere. These irregularities impose random phase pertur-
bations on the wavefront of a satellite signal during its
passage through the ionosphere. As the wavefront with
p=rturbed phase travels toward the ground, intensity and
phase fluctuations develop across the wavefront due to
phase mixing. In the case of an orbiting satellite, these
intensity and phase fluctuations sweep past a receiver be-
cause of the satellite motion and the receiver output reg-
isters time variations of intensity and phase known as in-
tensity or phase scintillations. On the other hand, in the
case of a geostationary satellite, the motion of the ionos-
phenc irregularities carries the intensity and phase varia-
tions across a fixed ray path and causes scintillations on
a communication link. It should be remembered that the
ray path from a satellite orbiting, at an altitude of 1000
km, sweeps past the tonosphenc irregularities assumed to
be at 350 km at a speed of ~3 km s™'. On the other hand,
the speed of F-region irregularities relative to a receiver
on the ground is typically on the order of 100 ms™'. As
a result, the scintillation rate of orbiting satellite signals
15 generally an order of magnitude faster than in the case
of geostationary satellites.

Scintillations cause both enhancements and fadings
about the median level of the signal as the radio signals
sweep across the irrcgular lonosphere. When these fad-
ings exceed the specified fade margin of a link, its per-
formance is degraded. The degree of degradation will de-
pend on the magnitude of fadings relative to the margin, _
the duration of the fade, the rate of fading, the type of
modulation, and the criteria of acceptability. On a global
scale, the degradations are most serious for propagation
paths which transit the low latitude irregularity belt around
the magnetic equator and the high latitude environment
encompassing the auroral oval and polar cap regions (cf.
Fig. 1 given in [1)).

The morphology of scintillations has been studied for
several years and documented for the equatonal, midla-
titude, auroral, and polar cap regions. Intensity scintilla-
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tion measurements with orbiting and geostationary satel-
lites provided the major database for such long-term
studies (1). The morphology of phase scintillations was
developed by the use of multifrequency phase coherent
DNA wide-band satellite transmissions in the equatonial
{2) and aurora! regions [3), [4). More recently, near-sta-
tionary polar beacon satellites, which can be viewed at
high clevation angles from high latitude stations, have
been used to develop the morphology of phase and inten-
sity scintillations in the auroral oval and polar cap regions
[5). In addition, case studies of ionospheric scintillations
have been made in conjunction with rocket, radar, satel-
lite in situ, and optical measurements [6)-{8). These in-
vestigations have provided much insight into the mecha-
nisms of irregularity formation and are expected to be
helpful in developing predictive systems of scintillations
based on geophysics [9).

In this paper, we first isolate very disturbed irregularity
environments at both high and low latitudes, provide
quantitative measures for the level of disturbance encoun-
tered by communication links in these regions, and ana-
lyze further the results in a form that can be used to eval-
uate communication system performance. We shall
emphasize the difference between the structures of scin-
tillation at high and low latitudes and isolate the appro-
pnate parameters of concem to communication links op-
erating in these two distinct disturbed regions of the globe.

II. DATA AND METHOD OF ANALYSIS

We have used both intensity and phase scintillation data
from Thule, Greenland (76.5°N, 68.7°W), a polar cap
station; Goose Bay, Labrador (53.3°N, 60.3°W), located
in the nighttime auroral oval; and Ascension Island
(7.9°S, 14.4°W), an equatorial anomaly station where the
cntical frequency of the F2 layer attains high values in
the postsunset period when the ionospheric irregularities
become most pronounced.

At Ascension Island, 244 MHz signals from the geo-
stationary satellite, Fleetsatcom, were recorded digitally
by a computer-controlled phase-lock receiver. The pro-
cessing of the phase and intensity scintiilation data using
the phase-lock system has been described carlier [10),
{11). This system was operated over a limited period of
time, namely, Jan.-Feb. 1981 and Jan.-Feb. 1982, cor-
responding to periods of strong scintillation activity at this
location. In addition to the above, total power receiving
systems arc employed to make routine recordings of sig-
nal intensity from Fleetsatcom at 244 MHz and from the
geostationary satellite, Marisat, at a variety of frequen-
cies, namely, 257, 1541, and 3954 MHz2. Round-theclock
observations by this total power system are recorded on
chart recorders and manually analyzed to determine inten-
sity scintillation magnitude over 15-min intervals {12].
During special campaign periods, however, the signals
were recorded on magnetic tapes to perform spectral anal-
ysis and to evaluate both the first- and second-order pa-
rameters related to scintillation statistics.
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Fig. 1. A 3-min data scgment of scintillations observed at 3934, 1541, and
257 MHz at Ascension Island and their respective spectra.

At the high latitude stations, Thule and Goose Bay, 250
MHz signals from near-stationary polar beacon satellites
were received at high elevation angles by both the com-
puter-controlled phase-locked receiver and the total power
system. In view of the periodic frequency updating of this
satellite at 168-s intervals, the phase and intensity scintil-
lation data could be processed over 82-s intervals spaced
168 s apait [5]). The total power system acquired intensity
scintillation data on chart recorders on a round-the-clock
mode which were analyzed manually as mentioned ear-
lier.

I11. ResuLTts
A. Ascension Island

During the last sunspot maximum period, the most se-
vere scintillation activity was encountered at this equa-
torial station [13], [14]. Fig. 1 shows a sample of such an
extreme case of scintillation activity which was recorded
on multifrequency transmissions from Marisat. The left-
hand panel shows, from the top, intensity scintillations at
3954, 1541, and 257 MHz over a 3-min period in the
carly evening hours. The right-hand panel shows the cor-
responding power spectra for the samples with the power
law index (slope) of the best fit straight line to the linear
rolloff portions indicated on the diagram. On the [eft-hand
panel, the second central moment of signal intensity,
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namely, the S, index of intensity scintillations defined in
[15), is labeled to provide a quantitative measure of in-
tensity fluctuations. At the lowest frequency, 257 MHz
shown in the bottom panel, the S, index of scintillations
attains a value of 0.88 approaching the saturation condi-
tion of S, ~ 1. The rate of fading is extremely fast and
approaches the receiver response time of 0.1 s. A receiver
with larger dynamic range and faster response time would
have recorded fading depths much larger than the 15 dB
level registered in the figure. At higher frequencies, the
phase perturbations are reduced so that scintillation mag-
nitudes are expected to be less. In general, when scintil-
lations are not very intense (S, < 0.6), intensity scintil-
lation magnitudes (S,) follow a frequency ( f) depen-
dence of f ' shown in [16]. The middle panel, however,
shows that at 1541 MHz in the L-band, the S, index re-
mains at the saturated level somewhat exceeding unity.
This signifies that the irregulanty environment is so in-
tense that saturated scintillations are obtained at 1541
MHz, and 257 MHz scintillations are dniven far into sat-
uration. The level of activity can be gauged from the top
panel which shows that even in the C-band (3954 MHz),
scintillation with §; = 0.31 is obtained. From an engi-
neering standpoint, this corresponds to a fluctuation of 6
dB [17].

Tne power spectra of scintillations obtained by the use
of the fast Founer transform (FFT) algonthnm are shown
in the right-hand panel of Fig. 1 {18]. The spectrum of
weak scintillations at 3954 MHz is shown in the top pancl.
It 1s charactenzed by maximum power spectral density
{psd) at a frequency ( f,,) of about 0.4 Hz. This frequency
can be cxpressed as f, = u/~2Nz where u is the drift
speed of irregulanties orthogonal to the propagation path,
A 1s the radio wavelength, and z is the slant range from
the observing site to the irregulanties [19). For these ob-
scrvations, A = 0.076 m, z = 450 km, and f,, = 0.4 Hz,
so that the value of u is derived as 104 m s™'. This is in
agreement with the observed values in the equatonal re-
gion where, dunng the early evening hours, the dnft speed
of F-layer irregulaniies with respect to the ground gen-
erally vanes hetween 100-200 m s~ [20). In contrast to
only a tactor of 2 vanation of dnft speed in the equatonal
region the speed in the auroral oval can vary by a factor
of 10 ot e This causes a considerable shift of f,, even
for a givcn peometry and a specified frequency as will be
shown later in the paper. The other features to be noted
are the slopes of the spectra on either side of the maxi-

mum psd. Since both psd and frequency are plotied on a
lepanttune woale, a hnear slope indicates a power law
variation o1 pad with frequency. The spectrum of 3954
MH2z scrnullatons indicates that at the low-frequency end,

the “aniation can be approximated by f *' and the vana-

von f rod at the high-frequency end can be expressed by

f *% The<e spectral slopes are typically observed and

have Leen related to the spectra of 1onosphenc irregular-
rirs [18) based on which the scintillation spectra have
heen snccessfully modeled [19].

The rnddls night hand panel shows the spectrum of

1541 MHz signals which represents the case of saturated
scintillations. In contrast to the 3954 MHz spectrum dis-
cussed above, the spectral maximum in this case is broad
and covers a frequency range of 0.1 Hz-1 Hz. The high-
frequency slope is also steeper indicating 2 power law in-
dex of —5.5. The broad spectral width and steep spectral
slopes are characteristics of strong intensity scintillations
[21], [22], [19]. In fact, or the basis of the expression for
f= given in the previous paragraph, which is valid for weak
scintillations, one expects that at 1541 MHz, a lower value
of £, will be obtained. Instead, f,, extends to much higher
values duc to strong scattering [23]. Since the autocorre-
lation function and power spectra are Fourier transform
pairs, the increased spectral width signifies a shorter au-
tocorrelation interval. Henceforth, the time interval for 50
percent decorrelation will be referred to as the decorre-
lation time (7). For practical purposes, it is found that the
inverse of the frequency f = 2 Hz, namely, 0.5 s, where
the psd falls to a level of 20 dB below the maximum,
corresponds quite well to the decorrelation time.

The lowest panel in Fig. 1 shows the scintillation spec-
trum of 257 MHz transmissions which is dnven far into
saturation. The spectral broadening is extreme in this case
and cxtends to 4 Hz. The spectral slope is steepest and
corresponds to a power law index of —7. The decorrela-
tion time is found to be 0.13 s signifying an extreme fad-
ing rate. It should be noted that although the S, indexes
for both 1541 and 257 MHz are approximately unity in-
dicating saturation, the decorrelation interval suil varies,
becoming shorter at the lower frequency which suffers
stronger scattenng.

Fig. 2(a) and (b) shows the cumulative distribution
function (cdf) of signal amplitude for the C- and L-band
frequencies illustrated in Fig. 1. The cdf is a first-order
statistic and is useful for defining the minimum margin
requirements for cominunication links in nondiversity
systems. The diagrams indicate the cdf for the observa-
tions (solid line) as +ell as the theoretical Nakagami m-
distribution discussed in [24] which is indicated by dotted
lines at the m value (m = l/Sf) appropnate for the data
sample. It can be seen that the theoretical distributions
represent the observations quite well over a wide range of
activity levels, being weak at 3954 MHz and strong at
1541 MHz. For intense scintillations such as seen on 1541
MHz, the cdf approaches a Rayleigh distnbution (m =
). The Nakagami m-distnbution has been earlier shown
to be useful for descnibing the effects of scintilfations on
satellite communication links [25].

In addition to the cdf which describes the probability
distribution of the depth of fading, a statistical description
of the fading rate is necessary to fully charactenze the
effects of scintillations on communication links. The in-
formation on the fading rate is contained in the power
spectra of scintillations which we have descnbed earlier
Another way of obtaining this information 15 to employ a
level crossing tcchnique. This gives the distnbution of
fade duration across a set of specified fading levels. Often,
this representation is simpler and easier to interpret in re-
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Fig. 2. (a) The cumulative amplitude distribution of scintillations at 3954
MHz shown in Fig. 1. (b) Same as in Fig. 2(a) for scintillations at

1541 MHz.

lation to systems applications. The left- and right-hand
panels in Fig. 3 show the distribution of fades obtained at
3954 and 1541 MHz, respectively, over the first 1.5 min
of the 3-min signal segments illustrated in Fig. 1. The
shortest fade duration that could be measured in conform-
ity with the data digitization rate was 0.04 s. The left-
hand panel shows the distribution of fade duration for the
3954 MHz scintillation sample. Four separate fade depth
levels at 1 dB intervals are found to be appropriate for this
sample of weak scintillation. At the — 1 dB fade level,
the flat top portion of the curve commences to slope

downwards at a fade duration of 0.2 s, which represents
the longest fade duration at this fade level. The maximum
number of fades encountered at the —1 dB level is 54.
This number reduces with decrease in fade duration and
attains a count of 27, i.e., 50 percent of the maximum
count at a fade duration of 0.08 s. At the next lower fade
level of —2 dB, the maximum number of fades reduces
t0 22. The ~4 dB fade level lies on the abscissa indicat-
ing that fades do not reach this level. The right-hand panel
shows the corresponding distribution for 1541 MHz scin-
tillation which is much more intense and is, in fact, sat-
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Fig. 3. Distribution of the fade durations for the period of weak scintilla-
tions at 3954 MHz and strong scintillations at 1541 MHz illustrated in

Fig. 1.

urated at S, = 1.12. In this case, the fade levels are cho-
sen at wider intervals. The distribution is interesting in
the sense that the number of fades is drastically reduced
at higher fade levels exceeding —16 dB. Thus, although
the fade depth of strong 1541 MHz scintillations exceeds

20 dB, the number of fades at —16 dB level in one 1.5-
min interval is only 7 and the maximum fade duration
does not exceed 0.1 s.

We shall next concentrate on the results of both inten-
sity and phase measurements at Ascension Island per-
formed with the computer-controlled receiver discussed
in Section II. These measurements were performed by the
use of 244 MHz transmissions from Fleetsatcom. The in-
tensity and phase scintillation data were analyzed over
successive 150 s periods. Since the 257 MHz intensity
scintillation data acquired from the Marisat satellite have
been discussed in carlier publications [14], {19), we shall
comment primarily on the phase scintillation data which
are quite unique and are being reported here for the first
time.

Fig. 4 cshows the 50th and 90th percentiles of the S,
index of intensity scintillation (defined earlier) and rms
phase deviation (o0,) over 150-s periods (detrended with
a 0.01 Hz filter) as a function of local time. The time
interval corresponds to the postsunset to postmidnight pe-
riod (20 -04 LT) (local time) when equatorial F-region
irregularitics are most intense and abundant. The period
Jan.-Feb. 1981 corresponds to a period of high scintilla-
tion occurrence as previously mentioned. The number of
data points in each 2-h block is indicated along the ab-
scissa. It may be noted that in the early evening hours
between 20-22 LT, both the median and 90th percentile
values of §, and o, are highly elevated. The intensity scin-
ullation data saturated at a level of approximately Sq =
0.8 because of receiver constraints. With the Mansat sat-

ASCENSION ISLAND JAN-FEB 1981
FLT (249 MH7)

ALL X

20-22

796 3635 @pi1s

Fig. 4. The median (50th percentile) and 90th percentife values of shase
and intensity scintillations at 244 MHz in terms of four 2-h blocks of
local time (LT) during Jan.-Fecb. 1981 at Ascension Island.

ellite, we have shown that both the 257 MHz and L-band
intensity scintillations at this station become saturated
with §; = 1.0. The saturation of intensity scintillation
data at about 0.8 did not, however, affect phase measure-
ments. It may be noted that the 90th percentile of rms
phase deviation in the 20-22-h block is as large as 16 rad
with 100 s detrend. In a similar propagation geometry,
the values of rms phase deviati >n may be scaled to shorter
detrend intervals ( T;) by multiplying the given values by
(T,/100)%" Y72 where p(~2.5) is the phase spectral
index [26}. From Fig. 4, it may also be noted that the




."f."ﬂ.-"'."l."f‘-’"“""."‘d’
'y W Wy 0 Wy Y a N

BASU ¢r al.: 250 MH2/GHz SCINTILLATION PARAMETERS

ASCENSION ISLAND

DATA SPECTRA (MEM 30)

107

FEB.3,1981 222430 UT

DATA SPECTRA (MEM 30}

L
1

T
i

2.6

1
1

_A
¥
/
1

|
~N
o
§

1
1

Jad

T
1

A

T
L

.2 . ) \
1] 10 10 10
~Z

Fig. 5. Phasc scintillation daua segments at 244 MHz ov

sq
2.3
- 4
S
2.2 4
-2
f\\-‘, . .J
Si \-
2.3
s4
2.4
- B
Y
2.4
i i
oo 44 O . o ld’ 'O-l °o ‘ol
SeC o

88-s intervals

and their spectra in alternate panels acquired at Ascension Island on Feb.

3, 1981.

50th and 90th percentile values of these scintillation pa-
rameters decrease sharply with increasing local time ow-
ing to the decay of irregularity strength.

We shall now discuss the 244 MHz phase scintillation
data that were acquired from the Fleetsat satellite at As-
cension Island on Feb. 3, 1981. Multifrequency intensity
scintillation data from the Marisat satellite for this day
have already been presented earlier. Fig. 5 shows a se-
quence of phase scintillation data over successive 88-s in-
tervals and their spectra obtained by the maximum en-
tropy method [27] in the adjacent panels. The signal
segments and their spectra are numbered on the left-hand
side of ecach panel for ease of comparison. The rms phase
deviation in radians for ecach 88-s interval is indicated on
the right-hand side of the data segments. The intervals
between the tic marks on the data panel represent 50 rad
and on the spectral panels psd of 80 dB. The initial data
segments with no activity are not shown and the panels
start from the 34th data segment, which commences at
222430 universal time (UT). The first two data segments
(34 and 35) show very little phase variation. The corre-
sponding phase spectra show that the noise floor extends
from the Nyquist frequency of 25 Hz to about 0.2 Hz,
Phase power spectral densities (psd) are noticeable only

\!

\-I',.J' o

u

e S A Aty
R A A S AT, £

at lower frequencies. A sudden onset of scintillations may
be noted in the third panel. The corresponding spectra in-
dicates an abrupt increase of psd at all frequencies up to
25 Hz. The numbers alongside the spectra indicate the
magnitude of maximum instantancous spectral slopes. The
spectral slopes attain values ranging between —2to0 —2.5
during the period of scintillations, but remain much higher
before the onset of scintillations as may be noted from the
first two spectra. It is worthwhile to recall that the spectral
slope of intensity scintillations at a similar frequency (cf.
Fig. 1) and a similar period of intense activity is very
steep. This is caused by the refractive effects of large scale
irregularities of electron density on the structure of inten-
sity scintillations [21], [22]. Until recently, one expected
that the spectra of weak intensity scintillations and phase
scintillations of any magnitude wouid reflect the slope of
irregulanty spectra in the ionosphere. In fact, the slope of
—4.2 in the weak scintillation spectrum at 3954 MHz as
shown in Fig. 1 reflects very well the average one-dimen-
sional irregularity spectral slope of —3.5 at small scales
(18]. The spectral slopes of strong phase scintillations at
244 MHz, however, indicate shallow spectral slopes in
the vicinity of —2.5 The apparent discrepancy has been
resolved by Rino and Owen [28]. They simulated an
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Frg. 6 A seatter plot of the phase spectral slope against phase spectral
strengih (d13) at Ascension Island at 244 MHz. The slope approaches »
value of ~2 at high phase spectral streagths.

1anospheric phase screen, allowed a radio wave 1o prop-
agate through 1t, and computed numerically the phase
structure and phase spectra at vanous distances from the
screen. Thev showed that due to the diffractive effects of
phasc i1a a strong scattering medium, the phase structure
develops large, near-discontinuous phase changes (termed
“‘cycle slips'’) and yields phase spectra with slopes ap-
proachiry -2,

Fig. 6 shows a scatter plot of phase spectral slope vei-
sus phase cpectral strength in decibels which is defined as
the phase psd at 1 Hz when the S, index exceeds 0.6, i.c.,
ter strong scintillations. The data were acquired at As-
cension Island dunng Jan.-Feb. 1981. At low values of
phasc spectral strengths or high decibel numbers, phase
spectral slopes show a wide scatter between —2 and —2.9
in Fig. 6, but at hugh values of phase psd, the slopes ap-
proach a value of —2. This provides observational sup-
port to the “‘cycle slip’” argument presented in the pre-
vious paragruph.

In Fig. 7. we show an interesting plot of intensity de-
correlation time at 244 MHz on a logarithmic scale against
phase speweal strength (decibels) for strong scintillations
{S¢ > 0.6) It may be noted that with increased phase
spectial stiengths in this regime, the intensity scintilla-
tions systcraatically develop finer structures on the ground
s0 that the decorrelation time decreases from about I to
U.05s. By sing the method outlined in [26], it is possible
to denve the average spectral slope from the slope of the
pest it straight line to the scatter plot of Fig. 7. The scat-
ter diazram indicates a spectral sfope of —2.4. This is in
very good agreement with the phase spectral slopes of the
data segments illustrated in Fig. 5.

The resuits shown in Figs. 6 and 7 imply t~-" in the
disturbed cquatorial ionosphere, the structures . “ten-
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Fig. 7. A scatter plot of intensity decorrelation time against the phase
spectral strength of 244 MHz scintillations recorded at Ascension Isiand.
The theoretical dependence of the two parameters in the sirong scatter
regime for 2 phase spectral index p, = —2.4 is indicated by the straight
line.

sity and phase scintillations are controlled by the strength
of scattering. The decorrelation time is a function of the
spatial structure of intensity vanation on the ground as
well as the 1onospheric dnft which controls the motion of
the spatial structure past a receiving antenna. The fact that
the decorrelation time is so well ordered in terms of the
phase spectral strength indicates that the drift velocity
does not vary much between the postsunset and the mid-
night period, and 1t is the strength of the irregularitics
which control pnmanly the fading pattem of scintilla-
tors. This is, however, not true at high latitudes where
the phase spectral strength of the integrated strength of
irregulanties 1s not as intense as in the equatonal region,
but the dnft velocity can vary by an order of magnitude
within a short interval of time. At high latitudes, there-
fore, the fading pattern is primarily controlied by the ir-
regulanty dnift.

From Fig. 5 it was cvident that in intense equatonal
phase scintillation events, considerable power resides in
the regime of high fluctuation frequencies. This is equiv-
alent to stating that the probability of having a high rate
of change of phase is considerable. The phase rate, on the
other hand, is a measure of the Doppler spread the signai
undergoes in traversing the irregularities of the ionos-
phere. In Fig. 8, the probability distribution of the phase
rate 1n phase scintillations has been computed over 0.1 -s
intervals during a 30-min period of intense scintillations
at Ascension Island. Since the Nyquist frequency is 25
Hz, the phase rate could have been computed over a much
shorter time interval. However, at small sampling inter-
vals, the naise becomes comparable to the signal and the
derived phase rates would have been contaminated by the
phase rate of noise signals. In Fig. 8(a), the occurrence
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Fig. 8. (a) The distribution of phase ratc of 244 MHz scintillations at As-
cension Island. The high values at the two ends indicate percent occur-

rence of values >500° s™'.

of phase rate between +500° s™! has been plotted. It is
found that nearly 20 percent of the total population (10°
points) contains phase rates in excess of +500° s~'. The
dis.bution of population with extreme phase rates has
veen plotted in Fig. 8(b) over a wider range extending
from 4500 to +2300° s™'. It may be noted that phase
rates as high as 2000° s~' or 2° ms ™' occurin 0.1 percent
of the population with extreme phase rates which, in tum,
represents 20 percent of the total number of observations
during approximately a half-hour period. Such extreme
phase rates have considerable deleterious effects on radar
systems. Since the phase scintillation magnitude varies
inversely as frequency [29], the above phase rate may be
scale,d from the 244 MHz observations to 2.4 GHz as 0.2°
ms”.

B. Thule, Greenland

At Thule, a polar cap station, the phase and intensity
scintillation data were acquired by receiving 250 MHz
transmissions from the near-stationary Air Force satellites
at high elevation angles. The ionospheric intersection of

.r.r.r...-_..-. o

DAY .__\.‘--r.*.r:_.
M&.ﬂh

the ray path covered a corrected geomagnetic latitude
range of 85-89°N. Since scintillations are better ordered
in terms of corrected geomagnetic latitude (CGLAT) and
magnetic local time (MLT) at high latitudes, we shall use
this system of coordinates as described in [30]. The phase
and intensity measurements were made with the com-
puter-controlled phase-lock recciver during specified in-
tervals as mentioned in Section II.

The morphology of intensity scintillations [31] and that
of both phase and intensity scintillations [5) from Thule
have been discussed earlier. In this paper, we shall pre-
sent phase and intensity scintillation data during Jan.-Feb.
1982 not previously published, and use it to contrast its
behavior against the Ascension Island observations. We
have also extended the intensity scintillation morphology
further through the years of low sunspot number to illus-
trate the control of solar activity on polar cap scintilla-
tions.

Fig. 9 shows the variation of 250 MHz intensity scin-
tillation index (S,) and rms phase deviation (o, ) over 82-
s intervals with magnetic local time as observed at Thule

. e el Tttt Tt e -
ILJJ',_.\_-_A'AI\..‘.'-_\J LI

LS o
xxxxx




vf(flll'-l‘.{'l-"

.'r (\(.',-.,‘_, ‘ " TN, , S -‘I‘-‘.-f.J"(.-"‘f‘f--"-'-."(';c"‘v"-";--" -_\{ - ’r(‘. '_4__._‘_.: e

1o IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS. VOL. SAC-S. NO. 2. FEBRUARY 1987
ASCENSION ISLAND PHASE RATE At O.1sec FEB.3, 1981
10
o 222717 - 230237 UT
Vb
]
w C
©
z -
w
« -
x
>
8 o
(o]
-
F3 o ~
[ g
v
[+ 4
I
a
[s B} :.—
L
|
otb— 1 | 1 i _ 1 A i 1 1 1y ¢l 1 | 1 1 1 1 ’e I i _
+2300 <2100 <1900 1700 -1500 -1300 -1100 -900 -700 -500 ‘500 700 900 1100 1300 1500 (700 1900 2100 2300
degrees /aec
()
Fig. 8. (Continued) (b) The distnbution of the population with extreme
phasc rates which corresponded 1o the two ends of the diagram in Fig. 8(a)
THULE  JAN-FEB 1982  ALL K behavior is in sharp contrast to that at Ascension Island, ‘
POLAR BEACON 234 MH: an equatonial station, where strong scintillations are, in
a general, confined between the postsunset to midnight
hours. In view of this, the scintillation statistics in Fig. 4
2 were derived between 20-04 LT. At auroral locations,
- such as Goose Bay, scintillations on magnetically quiet :
0 10 days are again confined to nighttime periods as discussed .
in [S). Thus, an absence of diumal variation of scintilla- y
. a‘r ~ 4 tions during periods of high solar activity is a fcature con-
* . .
vany fined only to the polar cap. The level of 250 MHz scin-
“r 16 o titlations is also high, the 30th percentiles of nms phase
. .. . . . L. L
! attaining values as high as 12 rad and intensity scintilla-
r - 1 tions remaining near saturation with S, ~ 0.9. ;
L The long-term statistics of 250 MHz intensity scintil- _
2} 12 lations derived with total power receiving systems are by
: shown in Fig. 10. The figure shows the varnation of scin-
B IR e T e T Z1-03 v tillation occurrence at vanous fade depths for 1979-1984. .
e s 82 AR The highest fade level of =20 dB represents a peak-to- K
Fig @ The median ¢S0n percenule) and the 90th percentile values of phase  peak fluctuation level of =28 dB. The scintillations min- -
:,g::::.l:yr::p:““mm at 250 MHz i1n terms of four 6-h MLT blocks imize during the summer months so that the annual van-
ation becomes most conspicuous. During the sunlit pe-
riod, the high conductivity at E-region heights (~ 100 km)
during Jan.-Feb 1952, It may be noted that at Thule, the is not favorable for the maintenance of irregularities in the
scintillation activity duning years of high sunspot numbers  overlying F-region of the ionosphere {32). In other pe-
persists at all hours, the median value of phase ranging riods, particularly during the autumnal equinox, fade )
hetween 3 and € rad over the entire diurnal period. This dcp(hs as large as 20 dB with 20 percent occurrence could
AP ) .
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Fig. 10. Thule intensity scintillation statistics at 250 MHz during 1979-1984.

be obtained up to 1982. The scintillation activity did not
vary much during the period 1979-1982 when sunspot
numbers varied between 200 and 100. With further re-
duction of sunspot numbers, scintillations showed an ab-
rupt decline during 1983 and 1984. Thus, there seems to
be a lower threshold of solar activity below which irreg-
ularities of sufficient intcgrated strength are not encoun-
tered.

Fig. 11 shows the occurrence contours of fade levels at
250 MHz that exceed 10 dB on both a monthly and diumal
basis. As pointed out in the previous paragraphs, the an-
nual variation of scintillations is the more prominent fea-
ture and the diurnal variation is virtually absent at Thule.
However, there emerges a diumal pattem in the Oct.-
Nov. period which becomes most conspicuous during the
low sunspot years of 1983 and 1984, The maximum ac-
tivity during these months seems to be confined to the
afternoon period around 15 MLT.

The strong scintillation events with S, exceeding 0.6,
that could be recorded by the phase-lock receiving system
a1 250 MHz, were sorted. The intensity decorrelation time
and phase spectral strengths were determined and their
mutual dependence is plotted in Fig. 12. The best fit
straight line through the scatter plots corresponded to the
theoretical dependence [26) expected for the case of strong
scattering with phase spectral slope of —2.2. It signifies
that during strong scintillations at Thule, the intensity
scintillation structure is largely govemed by the phase
spectal strength. Increased scatter around the best fit line
signifies that the drift spced may vary by a factor of 3-4.

On the other hand, the scatter in Fig. 7 is much less, in-
dicating that the variation of drift speed is small in the
equatorial region. At the auroral station of Goose Bay, a
similar plot (not shown here) indicates considerable scat-
ter as well due to the high vanability of dnift speeds.

C. Goose Bay, Labrador

We shall not discuss in great detail the features of scin-
tillations at Goose Bay, an auroral station, but refer to {5]
which compared the characteristics of polar cap and au-
roral scintillations. In shon, the auroral station shows a
well-ordered diurnal vanation of scintillations with a
nighttime maximum and daytime minimum, whereas we
have shown the absence of such ordering in the polar cap
region, such as Thule. The auroral scintillation magni-
tudes are, on the average, similar to that in the polar cap
although, on occasions, more active conditions prevail in
the polar cap. The polar cap scintillation pattern exhibits
the presence of discrete structures, whereas in the auroral
oval, intense scintillation ¢vents continue for hours with-
out showing much variation in magnitude. The major fea-
ture of an auroral station is the extreme vanability of drift
speed. It is not uncommon to observe a change in speed
from 100 m s™' to 1000 m s™' within a 30-min period.
This variability in speed affects greatly the temporal struc-
ture parameters of scintillations such as the decorrelation
time or the rate of change of phase and intensity. Fig. 13
shows the rate of change of intensity at 250 MHz encoun-
tered on two successive nights, Mar. 7 and 8, 1982. The
scheme of the plot is similar to the phase rate plot in Fig.
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Fig. 11. Intensity scintillations at Thule at 250 MHz on a secasonal and
local time basis. The contour levels represent percent occurrence.

8(a) for Ascension Island, except for the longer data in-
terval (0.5 s) used to compute the rates at the auroral lo-
cation. Shorter time intervals could not be used here be-
cause of possible noise contamination. At the equatorial
station, intervals as short as 0.1 s could be used to com-
pute phase rates as high levels of ionospheric turbulence
developed high-frequency structures much above the noise
floor. Fig. 13 shows that at Goose Bay, on Mar. 7, 1982,
the intensity rate of 3 dB s™' occurs in 0.1 percent of the
total population, whereas it increases to about 7dB s~ at
the same 0.1 percent level on Mar. 8, 1982. Intensity
spectral studies revealed that the irregulanity drift speed
was 65 m s”! on Mar. 7, 1982, and increased to 390 m

s™' on Mar. 8, 1982 [5). The sixfold increase in drift
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Fig. 12. A scaticr plot of the intensity decorrelation time against phase
spectral strength obscrved st Thule st 250 MHz. The theoretical depen-
dence of the two parameters for a phase spectral index of ~2.2 is indi
cated by the straight line.
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Fig. 13. The distribution of intensity rate of scintillations at 250 MHz
Goose Bay on two successive nights with different ionospheric dril
The drift was lower on Mar. 7 by a {actor of 6 as compared to Mar.

speed is reflected in increased intensity rates. Fig.

shows the phase rate plots at the same frequency for t
two days. It may be noted that at 0.1 percent level, t
phase rate may attain values as high as 250° s™' at
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Fig. 14. Same as for Fig. 13, except here the distribution of phase rate of
scintillations at 250 MHz is shown.

zuroral Jocation when dnft speed is high. If the change
can be linearly extrapolated 1o smaller time intervals, the
above value translates t0 0.25° ms™'. This is an order of
magnitude smaller than the phase rate cncountered at As-
cension Island and illustrated in Fig. 8(b).

IV. SUMMARY

The results on the structure of multifrequency ampli-
tude scintillations covering the 250 MHz-4 GHz band of
frequencies at the crest of the equatorial anomaly and the
structure of approximately 250 MHz phase and amplitude
scintillations in the equatorial anomaly, auroral, and polar
cap regions can be summarized as follows.

At Ascension Island, located at the crest of the equa-
torial anomaly, the most disturbed irregularity environ-
ment on a global basis was encountered during the last
sunspot maximum period. At this location, the distur-
bance level was so intense that not only the 250 MHz but
also the 1541 MHz transmissions from geostationary sat-
ellites exhibited saturated intensity scintillations which
covered the 30 dB dynamic range of receivers that were
used to record the satellite transmissions. Even the trans-
missions at 4 GHz registered fluctuations as large as 6 dB.
The median and the 90th percentile values of rms phase
deviation at 244 MHz with 100 s detrend are 6 and 16
rad, respectively, during the carly evening hours. The
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phase spectral strengths (phase psd at 1 Hz) which indi-
cate the strength of turbulence are found to attain values
as high as —2 dB. This is at least 10 dB above the most
intense levels that are obtained at the polar cap or auroral
stations. The extreme levels of turbulence at Ascension
Island induce strong scattering of 257 and 1541 MHz sig-
nals and thereby dictate the structures of amplitude and
phase scintillations at both frequencies. The amplitude
scintillation spectra at these frequencies under such situ-
ations show uniform psd up to fluctuation frequencies as
high as a few hertz, and give rise to steep power law spec-
tral indexes of —5 to —7. The intensity decorrelation
times are consequently reduced to values as low as 0.06
s at 257 MHz. The phase spectral slopes at 244 MHz ap-
proach a value of —2.5 which is much shallower than is
expected from either the in situ irregularity spectra or
weak amplitude scintillations spectra at 4 GHz. This
probably arises from sharp discontinuous phase changes
or ‘*cycle slips’’ [28] that develop due 10 phase diffraction
cffects under strong scatter conditions. In view of these
discontinuous phase changes, extreme phase rates of 2-
3° ms™' were observed. This is rather significant for UHF
radar applications.

In the polar cap (Thule), the median and 90th percentile
values of rms phase deviation at 250 MHz for 82-s de-
trend are observed to be 3 and 12 rad, respectively. The
comresponding values for the S, index of scintillations are
0.5 and 0.8. These values are in reasonable agreement
with those published in [S] for another period of obser-
vations. The point of interest is the absence of any diumal
variation of polar cap scintillations, its annual variation
with a pronounced minimum during local summer, and
rather abrupt decrease of scintillations when the solar ac-
tivity decreases below a threshold level. The irregularity
spectral strengths in the polar cap or auroral stations are
shown to be not as intense as in the equatorial region. At
high latitudes, the phase spectral indexes of about —2.2
cannot be attributed to strong scattering effects, but are
probably a result of shallow irregularity spectral indexes
in the ionosphere. At auroral locations, the variability of
ionospheric motion greatly controls the temporal structure
of scintillations. The phase rates at 250 MHz are typically
of the order of 0.2-0.3° ms™', but may show consider-
able changes due to the varniability of ionospheric motion.
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Morphology of phase and intensity scintillations in the auroral oval and polar cap
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The first long-term measurements of phase scintitlanions at high latitudes from a quasi-stationary Air
Force satellite at 250 MH:z are reported. The measurements were made from Goose Bay, Labrador
covenng the correcied geomagnetic latitude range of 64" 72 N and Thule, Greenland covering the
correcied geomagnenc latnude range of 85 -89' N. Data from December 1979, March-Apni 1980 and
March-April 1982 are presented [rom both stations. The sunspot numbers during these speafic ume
peniods were approximately the same. The scintiliation magnitudes were higher dunng the vernal
equinox at both stations than during the winter solstice. The Goose Bay data showed a well ordered
diurnal vaniation with a nighttime maximum and daytime mimimum, whereas the Thule data showed \
no such ordering The limited phase scintillation data set from Thule 1s augmented by intensity p
scintiflation measurements made during 1979-1982 using the same quasi-stationary satellites The
long-term Thule data shows that the major varniation in scintillauion activity 1s annual waith mimimum

x x E

scintilations observed i1n the local summer, as was determined earlier by Aarons et al (1981) In “
contrast 1o the pronounced annual variation, the dependence of overall scintillation activity on sunspot ::
cycle 1s not greatly evident during 1979 -1982 when the sunspot number vanied approximately between N
100 and 200. It was found that both Goose Bay and Thule could show phase scinullations of the order ~
of 10 rad (with 82.s dctrend period) even duning magnetically quiet umes One such case study. &
conducted dunng March 1982, is presented and second-order parameters such as phase and intensity
spectral strengths and slopes and intensity decorrelation times are discussed for this event at both D
statons The use of geostationary satellite data shows the importance of enhanced magnctospheric "4
convechion velocities on the observation of large phase scintillauon valucs at both sites This undes- :
scores the need for incorporating irregularity dynamics in the currently developed static models of -9
wonospheric scintiltation -3
A
INTRODUCTION become clear that naturally occurring phase scinul-
- lation I 1 /5~ “
Ground-based mecasurements over 2 decades have lcmo s”::aln 'mpair th; pcrformancc of salclh.(c >ys ’
cstabhshed the broad morphological fcatures of three ch's ?1 husc Sy'nl ctic lapcrlurcF processing ‘[0 N
. . . . . . v » . N -
major scintillation regions, two covering the auroral ?97'; ¢ high angular resolution [Fremoun ot al. )
ovals and polar caps and the third one approxi- Th]' vl dy of oh " .
matcly centered on the magnetic equator [ Aarons, as N odn yb ong-‘(crmhs\uDiI: 3/3“;) 5‘:;“' Ml‘lom :
. . . W adace . 1 C
19823 Most of the morphological information, how- ther mbc' !) us nt% the ) lae anh satetlte.
. . . . . ‘l “’ v & 2] I3 -
ever, has come from intensity scintillation measure- [L.ef ne |98(())]0 s;r ing Sl; xon; at the ‘cqu.lllor >
feingston, : : ; ” -
ments [ Busu and Basu, 1981; Basu and Aarons, 1980; tmgston an .onc within the auroral ovalin T
the Alaskan sector [Rino and Marthews, 1980] This o
Aarons et al, 1981]. It has been well known for a | ed | by Widchand oh | v
. IS was emen 1dehs 3 - Y
long timc that amplitude scintillations can degrade | (iosupp ¢ la(crd yf G n ;;;asc ;C'm’ :
. . ation r ay e
the performance of satellite communication systems measurements made from Lroose Bay [ Basu et .
] _ B , al, 1981]. This satelhite orbit, however. was sun-
{cf reviews by Adarons [1982] and Yeh and Liu
O . ) synchronous and thus observations were only avail- ”
[1982] und references therein). More recently, it has : Ly
able ncar local midnight and during prenoon hours M
. To cxtend the coverage over a 24-hour peniod. a . "y
proght 19K an G :
epyoght 1985 by the Amenican Geophysical Union novel system of measuring phase sainullations using !
Paper number 451471 transmissions from the geostationary satelhte Fleel-
O04R. 6604 K5 004S- 1473508 00 sat parked at 100°W was put into operation at ’
»
147

,'l.l.i
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2 GEOMAGNETIC

LATITUDE
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GOOSE Bay asbiss

Fig. 1. Polar ploi of avalable dara from Thule and Goose Bay
for December 1979 as a function of corrected geomagnetic latitude
{CGL) and correcied geomagnetic ime (MLT). The Q = 3 auroral
oval [ Feldstein and Starkor, 1967) s shown for reference.

Goosc Bay, the dctails of which are given in Basu et
al. {1982]). Unfortunately, the ionospheric intersec-
tion of the ray path from the satellite to Goose Bay
was al 60" invanant so that in general, under mag-
netically quict conditions, the auroral oval was con-
sidcrably poleward of this point and the median
phase and amplitude fluctuations were quite small.
However, during severe magnetic storms when the
auroral oval moves substantially equatorwards, a
case study was presented in which large phase fluctu-
ations excecding 10 rad (with 150-s detrend period)
were observed at 60° invariant { Basu et al.. 19834].

It 1s the object of this paper to present preliminary
results of phase and amplitude scintillation morphol-
ogy using high-inclination quasi-geostationary polar
beacons from Goosc Bay and Thule transmitting at
approximately 250 MHz. The corrected geomagnetic
jatitude (CGL) coverage was 64°-72°N and 85°-
89“N, respectively. Thus this data sel is expected to
provide the first phasc scintillation measurements
from deep within the polar cap as well as to sup-
plement thc Wideband auroral oval phase morpholo-
gy with similar data using a quasi-stationary satellite
as a source. The important point to note is that the
scale-length coverage of phase scintillations for a
fixed detrend interval with a geostationary (or quasi-
slationary) satellite as a source is dependent on the
ionospheric drift velocity as discussed by Basu et al.
(1983a]. This is contrary (o the situation when an
orbiting satellite such as Wideband is the source of
transmissions. In such cases, particularly at high lati-

BASU ET AL.: HIGH-LATITUDE SCINTILLATION MORPHOLOGY

tudes where the magnetic field is nearly vertical, the
scale-length coverage is dictated by the effective ve-
locity of the satellite [Fremouw et al., 1978) and is
generally independent of the ionospheric drift. Thus
in the phase scintillation data to be presented in this
paper, an additional source of variability, namcly
ionospheric drift, has to be considered in addition to
the strength of turbulence [Rino, 1979} of the
medium itself.

RECEIVING SYSTEM AND DATA PROCESSING

The measurements described in the following sec-
tions were made using an extended dynamic range
receiver with an extremely stable local oscitlator. The
receiver operates under computer control and once
tuned to within a few hertz of a signal detected n a
10-Hz bandwidth, self-tuncs to within + 1 mitlthert?
of the mean frequency as determined by the zcro
crossings averaged over a 20-s period. Subsequent
changes in frequency, either due to changes in iono-
spheric or geometrical Doppler, are sensed by the
systemn which then retunes. At each retune, the local
oscillator frequency information is recorded to aliow
reconstruction of the long-term phasc in subscquent
processing. In particular, for the polar beacons which
are 1n highly eccentric orbits, every 168 s the trans-
mitted frequency s shifted approximatcly 14 Hz o
assist in minimizing the range of departures of the
received frequency from the local reference caused by
time variation of the Doppler shift. In addition, the
changing center frequency of the received signal
causcs it to drift toward the edge of the receiver pass-
band. To avoid loss of signal, appropriate local oscil-
lator frequency shifts at the receiver (while maintain-
ing phase continuity) are performed to restore cen-
tering of the signal within the passband.

Once a signal i1s properly acquired by the receiver,
its quadrature components are sampled at 50 Hz and
are digitally recorded along with time and pertinent
system information. During initial off-line processing.
these data arc converted to signal intensity and con-
tinuous phase. Because of the satelhte frequency up-
dates every 168 s and the problem of acquiring lock
immediately after each such update, it was found
most suitable to consider data blocks of 82-s length
(i.e., 4096 points) for computation of the phase and
intensity statistics. The phase is first detrended by
fitting to a second degree polynomial before the rms
phase deviation is computed. Phase and intensity
spectra are also computed using a fast Fourier trans-
form technique in order to determine the phase and
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TeRLE beacons are not equally good sources for the phase
o otc 197 measurements so that certain times of day are very
. e os inadequately covered. However, the most important
| \- ) constraint of all is thc digital processing of the tapes,
. e T . o¢ which is so time consuming that only a part of the
R ,-«'\ - oe recorded data can be analyzed. The phase measuring
vl system became operational at both stations in De-
Y o cember 1979 and has been running semicontinuously
N ) o - » (other than some long periods of system outage) until
" the middle of 1983. In this preliminary report we will
© ‘o present phase and intensity scintillation data from
December 1979, March-April 1980 and March-April
1° o 1982, when good quality data were available from
% . oed both stations simultaneously. Figure 1 gives the
< - coverage in corrected geomagnetic latitude (CGL)
v o and corrected geomagnctic time (MLT) provided by
? 02 the measurements at the two stations during the De-
o . cember 1979 period with the Q = 3 statistical auroral
) ~ ‘o oval [ Feldstein and Starkov, 1967] provided for refer-
Lot e cncc. In general, the subionospheric (350 km) cover-
ot e S 1o age is between 84°-89°CGL for Thule (station coor-
o 7 LA, - loe dinates: 76.5°N, 68.7°W) and 64°-72" for Goose Bay
.////’/”,// AN (station coordinates: 53.3°N, 60.3°W) with the iono-
h ,” - ~ - 410
- 1e? GOOSE BAY
e Lo, s B
EEY o3 03 o8 0918 Wt 8 o8
OEC 1979
Fig. 2a . )
6 RN 06
Fig 2 The median {50th percentile) and 90th percentile phase /\
and intensity scaantilianon values are shown in terms of four 6-hour o — o o¢
MLT blocks during December 1979. March-April 1980, and . /,«“\\\\\'\—‘ o2
March-Apnib 1982 for Thule {Figure 2a) and Goose Bay (Figure 2t Q o
2h) Number of points in each bin i also indicated O\‘ %z . 267 = ‘|79’°" B
— - e - -
intensity spectral indices o loe

{(ps. p;) and spectral
strengths at | HZ (T,. T;) as was done earlier by

Fremouw et al [1978].

RCSULTS AND DISCUSSION

In principle, the polar beacons are sufficient in
number to provide a 24-hour coverage at high north-
ern latitudes. Indced, such continuous measurements
were used by Aarons er al. [1981] to determine a
polar cap intensity scintillation morphology using
data recorded on paper charts. The same is true for
the 4-year continuous intensity scintillation data pre-
scnted in this paper. Unfortunately, the situation is
not quite so simple for phase measurements. The in-
strument is highly sophisticated and hence needs
more cxpert and frequent supervision, a requirement
that i1s particularly difficult to meet at Thule. All the

WAR - APR 1980

oy {rad) (~—)

’,L . uan - aPR 1982 108
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POLAR BEACON Arem [ TUDE AND ™eSE STATISTICS
AL VY 3 OEC 1979

PHASE SPECTRAL SLOPE

5 12 15 0 2 24
PHASE DEV TRAO)

Fig 4 Scauier plot of phase spectral index p, against rms phase
deviation o, for December 1979 at Thule.

351

0.2 and 0.6, respectively. Thule showed approxi-
mately the same phase levels. However, the intensity
scintillations werc much higher, the median value of
S. at midnight being 0.5 and the corresponding 90th
percentile being 0.8. The diurnal variation of S, at
Thule is also not as noticeable as at Goose Bay.
Unfortunately, the Thule phase data for the midday
hours were of poor quality and are not plotted.

The scintillation magnitudes for the vernal equin-
ox seasons of March-April 1980 and March-April
1982 for Thule and Goose Bay are shown in the
second and third panels of Figures 2a and 2b, again
for Kp < 3.5 conditions. Although the general diur-
nal pattern is similar at Goose Bay, the Thule data
(which show incomplete coverage) exhibit somewhat
higher levels in the 0300-1500 MLT periods than the
corresponding ones in December 1979. Since the
Thule phase scintillation coverage 1s still inadequate,
we show in Figure 3 (top and bottom) the intensity
scintillation statistics obtained from the same satcl-
lites, but using the system described by Aarons et al.
[1981], over a 4-year period beginning January 1979.

spheric zenith angle at Thule always being less than 'Figure 3 (top) shows the statistics during the period

40° while at Goosc Bay it is less than 60°. The
average intersection locations and times of coverage
for each of the other two seasonal periods while
varying in dctail are generally similar to that shown
in Figure 1. Thus, in general, the Thule intersection
explores the ionosphere deep within the polar cap,
whereas the Goose Bay intersection explores the au-
roral oval in the evening to postmidnight period and
the subauroral region at other times of the day.

The median (i.e., S0th percentile) phase and inten-
sity scintillation values during December 1979, when,
as mennoned earlier, data taking began at the two
stations, are shown in the top panels of Figures 2a
and 2b. The parameters plotted are the standard de-
viaion of phase, g,. obtained by using a detrend
interval of 82 5, and the S, index or the second cen-
tral moment of intensity as defined by Briggs and
Purkin [1963]. The day is broken up into four 6-hour
intervals centered around 1800, 2400, 0600 and 1200
MLT. The number of 82-s data samples per each
6-hour block 1s shown at the bottom of the respective
diagrams. The choice of such large time blocks was
necessitated by the uneven diurnal coverage at Thule,
i particular. All the data are for Kp < 3.5. The
Goose Bay data show the expected midnight maxi-
mum and midday minimum of scintillations at an
auroral oval station. The highest median phase value
1s 2 rad increasing to 5 rad at the 90th percentile
level. The corresponding intensity scintillations were

around local noon (1200-1600 UT), while Figure 3
(bottom) shows the statistics for the midnight period
{0000-0400 UT). The different hatchings show fade
depth indices ranging from >5dB to >20dB. On a
month-by-month comparison between the daylime
and nighttime pcniods, one finds only minor differ-
ences in occurrence characteristics. The other 4-
hourly time periods also show similar behavior indi-
cating the lack of diurnal control as pointed out first

FOLAR BEACON RrPL I TUCE 0 MEE STATISTICS
204 4 WRAPR 1987

—= GOOSE BAY WIDEBAND
MEDIAN

Y R S T )
PHRSE OEV (RARO)
Scatter plot of phase spectral index p, against rms phase
devistion o for March-Apnil 19582 a1t Gouse Bay

PHASE SPECTRAL SLOPE
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Fig. 6. A scatter plot of the intensity decorrelation time t,
aganst the phase spectral strength T, The theoretical dependence
of r, on T, 1n the strong scatter regime for a phase spectral index
Py = —2.3 15 1ndicaied by 1he straight line.

by Aarons et al. [1981]. Further, magnetic activity
has little or no cflect, so that all data are included in
the intensity statistics shown in Figure 3. The season-
al control is strong with maximum activity during
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Fig. 7 Rool mean square (rms) phase deviation o, and inten-
sty scintillanion index S, at Goose Bay on March 7, 1982. Decor-
relation time is also shown. Intensily specira at time indicated by
arrow (MR 43 UT) are shown in Figure 9a.
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GOOSE BAY MARCH 8,1982

*—041702 UT

DECORRELATION T1ME (sec)
[pep—

—_— - e —
0402%0 oe2%21 LITRLY) [o3-1 o10 } D93248 Y

Fig. 8. Root mean square (mms) phase deviation a, and inten-
sity scintillation index S, at Goosc Bay on March X, 1982 Devor-
relation time is also shown. Intensily specira at tme indicated by
arrow (0417 : 02 UT) are shown in Figure 9h

the equinoxes and local winter, and minimum oc-
currence during local summer. The minimum activity
during summer is probably due to the enhanced E
region conductivity which reduces the lifcime of F
region irregularities as they convect through the
sunlit polar cap [Vickrey and Kelley. 1982]. In con-
trast to the consistent and pronounced annual van-
ation of scintillations observed over the 4-year
period, the dependence of scintillation activity on
sunspot number remains less clear. In general, similar
levels of seasonal activity were observed even though
the sunspot number varied approximately between
200 and 100 during this 4-year period. It remains to
be seen whether a further reduction in sunspot
number will be accompanied by a reduction in scin-
tillation activity as was determined by Aarons et al.
[1981]. Indeed, Buchau et al. {this issue], based on a
limited data set, find that scintillations at Thule were
much reduced during December 1983 when the sun-
spot number was 33.

A parameter of interest both for modeiling con-
siderations [ Fremouw and Secan, 1984a). as well as.
underestanding £ region irregularity structure [Basu
et al, 1984] is the spectral index of phase scintil-
lations. We show scatter plots of this ndex. p,.
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GOOSE BAY MARCH 7, 1982
041843 UT
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Fig 9a. Spectra of intensity scintillation index S, from Goose
Bay on March 7, 1982, at 0418 : 43 UT. The intensity spectral
index p, = —2.66. the corresponding intensity spectral strength
T, = -304dB.

against the phase deviation o, for December 1979 at
Thule in Figure 4 and for March-April 1982 at
Goose Bay in Figure 5. Both diagrams, while not
showing a strong positive correlation between p, and
o,. at least indicate the absence of any decreasing
trend of p, with g,. This finding is thus contrary to
the behavior of p, against g, at the equatorial region
found from Wideband [ Fremouw and Secan, 1984b).
The median p, value observed from Goose Bay in
the present case is —2.4. This is higher than the
median value of p, = —~2.1 observed at Goose Bay
with Wideband as a source [Basu et al, 1981]. The
Wideband median p, is indicated in Figure 5. The p,
values obtained with the quasi-stationary satellite in
the present case are, however, quite comparable to
those obtained from the Fleetsat data [Basu et al.
1982]. It was pointed out in the Introduction that the
major difference between phase scintillation measure-
mcents using orbiting beacons and that made by using
geostationary satellites i1s that in the former case the
scale-length coverage is obtained by using the ef-
fective velocity of the satellite while in the latter case
it 1s the ionospheric drift that dictates the largest
scale-length coverage. Further, while there is great
vanability in the ionospheric drift, it is, in general,
much smaller than the approximately 3 km s~ ' ef-
fective velocity of orbiting beacons at high latitudes.
As such, the scale-length coverage in the phase spec-
trum for the determination of p, is generally confined
to longer scale-lengths in the orbiting case than is

obtained by stationary satellites. Thus if longer scale-
lengths at auroral latitudes have shallower spectral
slopes as observed at the equator [Livingston et al.,
1981; Basu et al., 1983b], then the varying spectral
slope observations referred to above can be explained
on this basis. In situ data of high-latitude electron
densities is currently being studied to resolve this
question.

Another parameter of interest to systems engineers
1s the intensity decorrelation time [(Umeki et al.,
1977, Rino and Owen, 1980; Basu and Whitney,
1983]. We show in Figure 6 a scatter plot of the
logarithm of the intensity decorrelation interval 1,
versus phase spectral strength T, dB. The systematic
reduction of 1, with increasing T, in the strong scat-
ter regime (7, > — 15 dB) is noticeable. It is possible
to obtain an estimate of the phase spectra: slope, p, .
from the nature of dependence of log 1, on T, dB by
using the work of Rino and Owen (1980]. For the
nighttime Thule data obtained during March-April
1982, the scatter diagram yielded a value of —2.3 for
the phase spectral slope, p,. This value is in remark-
ably good agreement with the median value of —2.3
for the phasc spectral slope, p,. determined for the
nighttime Thule data during this period.

Since this data base is fairly unique, it was felt that
communications systems users may benefit from the
discussion and illustration of, examples of severe
phase and amplitude scintillation events at both sta-
tions in order to get an order of magnitude estimate

GOOSE BAY MARCH 8, 1982
041702 UT
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Fig. 9h  Spectra of intensity sanullation index S, from Goaose
Buy on March 3. 1982, a1 0417 02 UT The intensity spectral
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THULE MARCH 8, 1982

Se

DECORRELATION TIME (sec)

a

trad)

— 4 4

L
040336 0a2019 043030 0%1313 033338 ut

Fig 10. Root mean square (rms) phase deviation o, and inten-
suy scintillation index S, at Thule on March 8, 1982, Decorrela-
tion time is also shown. Phase and intensity spectra at times indi-
cated by arrows (0504 : 46 UT and 0420 00 UT) are shown in
Figures 11 and 12, respectively.

of such second-order parameters as the phase and
amplitude spectral strengths at 1 Hz, namcly, T, and
T,. the corresponding phase and intensity spectral
slopes, p, and p,, as well as the 50% decorrelation
time of signal intensity under relatively strong scatter

THULE

BASU ET AL.: HIGH-LATITUDE SCINTILLATION MORPHOLOGY

conditions but under varying irregularity drift con-
ditions. In order to do so, we present in Figures 7
and 8 the time history of scintillations on March 7
and 8, 1982, ncar magnetic midnight at Goose Bay.
The two consccutive Goose Bay days are shown to
emphasize the great impact that irregularity drift
variation {driven by magnetospheric convection) has
on the intensity decorrelation time and the mag-
nitude of phase scintillation. It should be noted that
the decorrelation times are plotted in seconds for
March 7 and in tenths of scconds for March 8, even
though the S, magnitudes are virtually the same on
both days. The corresponding g, curves also show a
great contrast although this contrast is somewhat re-
duccd by the fact that there 1s always a residual of
approximately 1 rad tn these single frequency phase
mcasurements using quasi-stationary sources. In Fig-
ures 9a and 9h we show the spectra obtained at
0418 : 43 UT on March 7 and at 0417:02 UT on
March 8 These specific times are identified by
arrows in Figures 7 and 8, respectively. Since the
universal times of the two samples are so close, the
positions of the satellite on the 2 days were identical
with respect to Goose Bay. However, we find the
Fresnel maximum f{requency (f;) to be 0.05 Hz in
Figure 9¢ and 0.3 Hz in Figure 9b. Using the re-
lationship f, = u/(2/2)*3, where w is the drift velocity,
7.1s the radio wavelength and - is the slant range, we
obtain the drift in a direction perpendicular to the
propagation path to be 65 ms "' on March 7 and 390
ms ' on March 8.

The Thule S, and o, data for March 8, 1982, are

MARCH 8, 1982

030446 ut
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Fig. 11, Specira of {a) rms phase deviation a, and {h) intensity scinblfation index S, from Thule on March 8,

1982, a1 0504 : 46 UT. a time of low ¢, The phase spectral index p, = - 226, the corresponding phase spectral

strength T, = —254 dB The intensity spectral index p, = — 246 the corresponding intensity spectral strength

T7,= -244dB
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Fig. 12 Spectra of (¢) rms phase deviation o, and (b) sntensity sanuilation index S, from Thule on March 8,
1982, at 0420 UT, a time of high o, The phase spectral index p, = —2.8). the corresponding phase speciral
strength T, = ~18.8 dB. The intensity spectral index p, = —2.06; the corresponding intensity spectral sirength

T,= -192dB.

shown in Figure 10. They correspond to the same
time period as the Goose Bay data shown in Figure
8. The difference in the scintillation character which
scems to be typical of the respective domains is the
presence of more discrete irregularity structures in

and 12b. From a consideration of the Fresnel maxi-
mum in these cases which 1s fr = 0.24 Hz (particu-
larly discernible in Figure 12b) we obtain a velocity
perpendicular to the propagation path of 260 ms !,
which is somewhat smaller than the velocity ob-

-

- -

the polar cap and more uniform turbulence in the tained at Goose Bay at the same time. We have been X
auroral oval. Such discrete scintillation structures able to obtain (through the courtesy of W. B it
were also observed by Weber and Buchau [1981] in Hanson) Dynamics Explorer 2 data, in particular, a 2
the polar cap when sun-aligned arcs were observed  DE-2 orbit that passes fairly close to both the Goose 3
near Thule. The strength of turbulence seems some- Bay and Thule intersections on March 8, 1982, at g
what higher at Thule as in this case S, actually approximately the same universal time. It is our -
achicves a valuc of unity. The decorrelation time 1s  object to investigate drift variations and in situ den- *
also correspondingly lower achieving a value as sity structure variations 1n the DE-2 data and to ;
small as 0.1 s. Such decorrelation times are observed  study the extent to which they are mapped in phase .
near the cquator at a similar frequency using the and intensity scintillation da‘a.
Marisat satellitc but the S, indices in that case were » ;
driven far into saturation with the S, index being SUMMARY 3
.continuously greater than or equal to unity for a The results on the statistics of 250 MHz phasc and _
period of 90 min [cf. Basu et al., 1983b, Figure 8)]. amphtude scinullations obtained during the penod ~
The phase and intensity scintillation spectra from  1979-1982 at an auroral (Goose Bay, Labrador) and )
Thule under conditions of low o, and high o, are a polar cap (Thule, Greenland) station from high cle-
shown in Figures 1la, b and 12a, 12b, respectively. vation anglc obscrvations of quasi-stationary satel- .
These times are identified by two arrows in Figure lites can be summarized as follows \
10. The phasc strength parameter T, at | Hz, is given The median and the 90th percentile values of rms Y
by —254 dB in the weak scintillation case and is phase deviation at 250 MHz for 82-s detrend interval ::
—18.8 dB in the strong scintillation case. We note are 2 and 6 rad, respectively, at both the auroral and \
that the low o, value is associated with a shallow polar cap locations. The corresponding values for the _
slope (p, = -2.3) comparcd to the high a, value S, index of intensity scintilfations are 0.3 and 0.6 for -
which 15 associated with a steeper slope (p, = —2.8). the auroral and 0.5 and 0 8 for the polar cap station ;
This 15 1n keeping with the trend observed in the The auroral station cxhibits the well-documcnted ¢
scatler diagram shown in Figure 4. The two corre- diurnal vaniation of sanullaton with maximum .
sponding intensity spectra are shown in Figures 11h  mightuime occurrence of sainullation In the polar 'a
’
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cap, on the other hand, this diurnal variation is not
cvident.

In the polar cap, a strong annual variation of scin-
tillation arising from a deep minimum in the activily
during local summer months was observed. The
summer minimum is probably related to the en-
hanced E region conductivity which reduces the life-
time of F region irregularities convected across the
sunlit polar cap. During the period of observations
when sunspot numbers ranged between 100 and 200,
the dependence of scintillations on sunspot activity
was not very evident.

The median values of phase spectral index at the
auroral and polar cap locations were found to be
similar, being — 2.4 at Goose Bay and —2.3 at Thule.
At auroral focations, the intensity decorrelation time
was observed to range between 0.1 s 1o a few seconds
for similar scintillation magnitudes. This presumably
anses from the extreme variability of convection ve-
locities in the auroral oval. In the polar cap, 4 sys-
tematic decrease of intensity decorrelation time with
increasing phase spectral strength for strong scintil-
lations was observed. This dependence was utilized
to derive a phase spectral slope which was in good
agreement with the median value stated above.
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SUMMARY $S
The first measurements of absolute Total Electron Content (TEC) and L-band amplitude ::

and phase scintillation were made from Thule, Greenland, 2 polar cap station, in early

1984, These measurements were made using signals transmitted from the Global Positioning *
System (GPS) satellites. The varifability of the TEC, especially during the afternoon to :
pre-midnight hours, {s large, with increases in TEC above the background values of greater
than 100 percent not uncommon. Ouring one disturbed time quasi-pertodic TEC enhancements
having periods as short as ten minutes and amplitudes equal! to the background TEC were
observed for over two hours. The TEC during some of the disturbed periods in the dark
Thule ionosphere exceeded mid-latitude daytime values. Amplitude scintillations were
small, not exceeding 3 dB peak to peak during the entire observing period, but they were
associated with the times of TEC enhancements, with some evidence for stronger scintilla-
tion occurring during the negative gradients of the TEC enhancements. Phase scintilla-
tions were highest during some of the times of enhanced TEC, and depend critically upon
the phase detrend interval used.

-
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INTRODUCTION

Measurements of total electron content (TEC) obtained from high elevation angle
satellites have been obtained for the first time from the polar cap station located at
Thule, Greenland, 76.5° geographic latitude, 86° invariant latitude. The only previous
TEC measurements reported from Thule, (!Mendillo and Klobuchar, 1973) were recordings
of Faraday rotation obtained from a geostationary satellite viewed at an approximate S°
elevation angle where the fonospheric intersection of the ray path to the satellite was
over the auroral 20ne rather than the polar cap. -

B R

It is particularly important to study the behavior of the F region in the polar cap .
during the winter when solar EUYV is minimal, and much of the F region is dominated by .
transport, rather than by local production. TEC measurements are also important because .
of ionospheric time delay effects on satellite positioning systems.

In addition to making the first high elevation absolute TEC measurements from Thule,
both L-band amplitude and phase scintillation data were also obtained. DOuring an eight .
day period in January-February, 1984 approximately 120 hours of recordings were obtained KX
during both relatively magnetically quiet and magnetically disturbed conditions. Ampli- o
tud€ scintillation can limit satellite communications {2Aarons, et. al.,1982) while o
phase scintillation, a measure of firregularities of scale size greater than a few hundred Y
meters can serfously affect the imaging from satellite-borne Synthetic Aperature Radars ‘
(SARs), (3Szuszczewicz, et. al., 1983).

THE MEASUREMENT TECHNIQUE

o . - -
PR R

Dual frequency, L-band, psuedo-random-code modulated signals transmitted from the
US Defense Department Global Positioning System (GPS) satellites were used for determin-
tng absolute TEC and for the measurements of amplitude and phase scintillation. GPS is
an advanced satellite system, (“Parkinson and Gilbert, 1983), in which the user deter-
mines his range and range-rate from sfgnals transmitted from 4 satellites by comparing
his own clock time against those received from the 4 satellites. In this manner the
three dimensional user position and velocity are determined. A fourth satellite is re-
quired to correct any user clock error, In order to provide simyltaneous visibility of
at least 4 satellites to a user anywhere on, or near, the earth's surface, a total of 18
satellfites will eventually be required.

3

- ® oz v

For our measurements in early 1984 only S satellites were available for naviga-
tion, affording only a few hours of simultaneous 4 satellite visibility per day. However,
| due to both the high geographic latitude of Thule, and the high inclinatton of the GPS

satellites, there was at least one of the total of 5 satellites above 20° elevation for
over 18 hours per day during our test perfod, thereby allowing us to make TEC and scintil-
ltatfun observations for over 3/4 of each day during our test period.

P ‘,<\‘ > "f‘fjl'..'-l Y

The importance of the GPS satellites for 1.nospheric research lfes in the dual,
coherently transmitted frequencies designed for the navigation user to correct for the
group delay and carrier phase advance effects of the earth's ionosphere which otherwise 39
would deqrade both the range and range rate accuracv of the measurements. The signals N
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from the GPS satellites can be reduced, by the use of an appropriate receiving system, to y
equivalent coherent carriers at 1,228 and 1.575 GHz with coherent modulation at 10.23 MHz '
from which both the carrier phase advance and the modulation group delay can be directly

measured, (5Rino, et. al.,1981). Carrier phase advance can be related to relative TEC ,
{SdeMendonca, 1963), as:

1.34 x 10-7
TEC (cycles) \
f

60c'

where: TEC {s 1n el/m2 column and f s the carrier frequency in Hertz.

Since fonospheric changes imposed on the phase of a radio frequency wave transmitted
from a satellite are more easfily measured by comparison against a reference phase at a
higher frequency we can write the difference in the f{onospheric phase advance at two
frequencies, referenced to the lower frequency as:

40.31 (m2 - 1)
a{6e)~ X 3 TEC y
sz [ ] K

where a = 154/120 for 6GPS satillltes. c = 2.998x108 m/sec, fo = 1.228 GHz. Ffor the GPS
frequencies: TEC = 2.32 x 10°'°a(8e.) e)/m? where a( 8¢.) 1s 'in cycles.

Because of the relatively close spacing of the two coherent GPS carriers the meas- A
ured ionospheric phase at the lower frequency, f2, minuys that at the higher frequency,
f1, is only 39X of the total phase advance at fp. Nevertheless, this technique has y
excellent sensitivity of better than 0.1 radians r.m.s. in a 16 Hertz bandwidth usting a
nearly omnidirectional antenna and automaticallly removes all the contributfons to phase
changes due to geometric Doppler changes.

The measured differential carrier phase advance from the GPS satellites, a( s¢c),

can be related to the equivalent i{onospheric phase advance, 5¢.(f), at any single :
frequency, f, by:
1.228 x 109
89c(f) = e a x 2.546 & bec) , where f fs in Hertz.
f GPS

For ease of comparing our phase scintillation results against those of others we have
referenced them to an equivalent single frequency carrier phase advance at a standard
frequency of 1 GHz.

The differential carrier phase advance measurement can be used to measure the rela-
tive changes in TEC with great accuracy. The background values of TEC, however, generally
produce much more than one complete cycle of diff rential carrier phase advance; thus,
some other technique must be used to determine the absolute TEC values.

The GPS satellites also transmit coherently derived modulated signals on each of the
two carriers, providing a means for measuring absolute TEC values. The group delay
measured between the two, 10.23 MHz equivalent modulation envelopes at the carrier fre~
quencies ts related to the equivalent TEC by:

TEC = 2.852 x 10164(at,)

where &( Atyp) is the differentfal group delay measured at the two modulation frequencfes
in nanoseconds.

In order to obtain an absolute value of TEC, while at the same time retafning the

excellent relative accuracy of the phase measurements, it fis only necessary to utilize b
the group delay data to obtain one value of TEC to fix the relative phase advance scale K
throughout each satellite pass to an absolute one. In practice, several 1independent

values of group delay are fitted on an r.m.s. basis to the continuous relative scale of
carrier phase advance.

The carrier phaze advance, amplitude scintillation at the two frequencies, and
the group delay were all sampled at a 20Hz rate. Group delay was averaged over a one
minute finterval to obtain smooth absolute values of TEC, and the differentfal carrier
phase data was high pass filtered with various detrend times to fllustrate the relative
sfze of the observed phase scintillations remaining after detrending.
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2.2-3

THE MEASUREMENTS-IONOSPHERIC REGION PENETRATED

Figure 1 {llystrates the geometry of the GPS satellites as a function of elevation
and azimuth as viewed from Thule during the middle of our eight day observing perfod. The
satelliftes are in 12 hour, sidereal synchronous orbits which cross over essentially the
same position tn the sky approximately 4 minutes earlfer each day. The receiving system
was capable of receiving only one satellite at 2 time, thus we generally observed the
satellite with the highest elevation angle. MNote that in figure ) only the heavier
portion of each satellite's track was received.

THULE
DAY 32 TYEAR 84

Fig. 1. Elevation & azimuth of GPS satel-
lites as viewed from Thule, Greenland on
February 1, 1984. The heavy portions of Fi9. 2. Locus of 400 km height intersection of
each satellite track indicate the times ray path to indicated GPS satellites. Invariant

L locations of actual GPS data recording. latitudes are also shown.

In figure 2 the equivalent ionospheric location of the propagation path to each
satellite at an average hefght of 400 km {s shown, along with both the geographfc and
corrected geomagnetic latitudes. Note that most of the data taken from Thule refer to
corrected geomagnetic latitudes above 80", the only exceptions being when satellites were
not visible at higher elevation angles. At those times we followed a satellite down to
below 25° elevation. The corrected geomagnetic Jlatitudes through which we measured
fonospheric effects from the GPS satellite signals were always above the poleward side of
the statistical)l position of the auroral oval as determined by TFeldstein and Starkov,
(1967); thus, direct auroral precipftation effects on the TEC should not occur often at
the invarfant latitudes of our observatifons. However, Weber (private communication) has
frequently observed sub-visual auroras above 80° corrected geomagnetfc latitude using an
all-sky image intensified optica)l system., DOuring our eight day observing perfod several
such auroral forms were recorded by Weber above 80° corrected geomatic latitude. The
comparison of those results with TEC changes will reported elsewhere.

THE MEASUREMENTS-TEC RESULTS

The diurnal behavior of equivalent vertical TEC for our efght day observatton period
is shown on the daily overplot curves tn figure 3. A clear diurnal variation of TEC can
be seen in these dally overplot curves with a maximum in the local afternoon sector and a
minimum in the predawn perfod. Thule at 76.5° N. geographic latitude has a maximum solar
elevation angle above the horizon at a hefght of 150 km, assumed to be near the hefght of
maximum production, of only 9.5° during our observing period. This maximum occurs at
1650 hours U.T. , nearly coincident with the time of our observed diurnal TEC maximum.
Thus, even though the sun {s indeed very low, there is still some apparent solar produc-
tion of F region electron densfity. It {s possible that the observed diurnal variation
shown {n figure 3 is actually a U.T. effect having the same phase as the solar controlled
TEC would have. With observatfons from only one station it 1is not possible to separate
U.T. and local) time effects.

Of greater importance than the apparent solar controlled diurnal changes in the
polar cap F reglion 1s the large day-to-day varfability in TEC we observed, mainly during
the afternocon (U.T.) and extending unti) the midnight hours (U.T7.). The varfability of
the TEC during this perfod, also seen fn figure 3, 1s extremely high on a percentage basis,
especlally during the period 20-24 hours U.T.
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Figure 4 shows a particularly dynamic period during the late hours of February 2
and 3 when the equivalent vertical TEC values varied in a quasi-periodic manner for severa)
hours, having periodic components as short as ten minutes, particularly on February 2,

and amplitudes of approximately 50% of the mean TEC during the time. For comparison,
figure 4 also shows the varfatton of TEC during the same period of the day on February 1
when the background TEC was very low and quiet. If we assume that the diurnal TEC behav-
ior seen on February ) is the contribution remaining from direct solar production earlier
in the day, and {s representative of quiet fonospheric conditions during our elght day
observing period, then the large enhancements seen on the evenings of February 2 and 3
represent much greater than a 100X enhancement above the solar controlled TEC.
THE MEASUREMENTS-AMPLITUDE AND PHASE SCINTILLATION

Amplitude scintillation measurements at L-band and higher frequencies have not
previously been made in the polar cap. la our 8 days of observations we observed numerous
short perfods of several minutes duration having significant amplitude scintillation.
Figure 5 shows the Sq4 amplitude scintillation index on 1.228 GHz for the premidnight U.T.
periods of 1-3 February, the same days for which the equivalent vertica) TEC was shown in
figure 4. The S4 values for February 1, with the exception of two minor peaks near 2015
and 2120 U.Y., represent the contribution of recefiver noise in the absence of scintilla-
tion. The numerous short term peaks of Sg seen in figure 5 on 2 and 3 February occurred
during the same time of day when large TEC enhancements were seen. 1In a detailed compar-
ison between the occurrence of amplitude scintillation and the TEC enhancements we found
that many of the peaks in Sq4 occurred on the negative gradients of the TEC enhancements,
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Figure 6. Example of phase scintfllation seen on 3 February 1984, for detrend intervals
of 150, 100 and 10 seconds.
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Phase scintillation effects are shown 1in the recorded differentfal carrier phase
records shown in figure 6. Three different linear phase detrend fntervals were used to
construct the phase scintillation residuals fllustrated in figure 6. These high pass
detrend cutoff times were 10 seconds, 100 seconds and 150 seconds. Note that one of the
largest phase deviations seen at the longer two detrend intervals completely disappears
when the shortest detrend fnterval of 10 seconds is used.

With the rel:tively slow velocity of the GPS satellites through the ifonosphere most
of the phase excursions from a linear detrend are produced by the movement of irrregular
tonization structure through the viewing direction to the satellite. When the shortest
detrend interval of ten seconds is used the size of the ionospheric structure responsible
for the residual phase observed {s similiar to the less than one kilometer sfze frregular-
ities responsible for amplitude scintillations. The longer detrend intervals, on the
other hand, depict the larger scale changes in background TEC which occur with time
scales fast enough for them to be cailled "phase scintfillation® by most workers. The use
of the dual frequencies on the GPS satellites allows us to record fonospheric phase
changes for periods as long as the total satellite viewing time over our station, which
Is a few hours for most satellites, so that any reasonable length of phase detrending
interval can be used depending upon the scale size of the ionospheric structure which one
desires to investigate.

DISCUSSION

The diurnal variation of TEC shows a clear minimum during the predawn period and a
maximym near local noon, However, the day to day varfability in TEC {s very large.
Because of the rapid time changes seen in the enhancements of TEC which occur throughout
the cay, but are particularly large in the evening and pre-midnight hours, it is tempting
to say that those enhancements are due either to direct auroral precipitation or to
motion of plasma into the ray path of the GPS satellite being received at the time. If
we assume that the enhancements in TEC add directly to the direct solar produced TEC,
which should be small in the winter polar cap ionosphere, we can then consider that the
direct solar produced TEC is represented approximately by the minima of the curves shown
in figure 3. The enhancements above our assumed level of solar produced ionization then
are truly large. For instance, the enhancements in TEC which occur near 21 hours U.T.,
which range up to 24 x 10 6 el/m represent at least a several hundred percent increase,
or approximately 21 x 1016 el/m2, above the minimum value of TEC for 21 hours. For com-
parison purposes the dirunal maximum values of equivalent vertical TEC measured at Hamilton,
MA (42.60N.) did not exceed 22 x 1016 e1/m2 at any time during this same 8 day period.

8Basu, et. al., (1983) using a reasonable value for the flux into the auroral regi?n
estimated an order of magnitude time of 700 seconds necessary to increase TEC by 10 7
el/m2. We therefore cannot ifmmediately rule out direct production from particle precipi-
tation in all cases, as many of our observed increases in TEC occur over that approximate
time interval, However, all-sky images of 6300A emission made by ?Weber, et. al.
(1934) and by !'%Buchau, et. al. {1983) have shown that large scale patches of plasma drift
in the anti-sunward direction across the polar cap during magnetically disturbed periods.

If we assume that the ten minute periodic TEC enhancements are not locally produced,
but drift through our ray path with a velo-ity of from 250 to 700 m/sec, typical of the
velocities seen by !%Bychau, et. al., (198s5) in the polar cap during disturbed periods,
then we obtain scale sizes for these TEC enhancements between 150 to over 400 km. These
enhancements are certainly large enough to be seen as fndividual patches with the resolu-
tion of all-sky optical imaging systems. %wWeber, et. al., (1984) reported on large scale
plasma patches of size 800-1000 km in horizontal extent drifting in the anti-sunward
directton in the polar cap during a moderately disturbed period.

The phase scintillation illustrated in figure 6, is referenced to a standard fre-
quency of 1 GHz, which we propose should be a standard frequency for researchers to
reference their phase scintillation results. When we compare our phase scintillation
results obtained in the polar cap with those of ®Basu, et. al., (1983), taken looking
through the southern edge of the auroral regfon from Goose Bay, Labrador using similiar
detrend intervals, we find good agreement. They showed phase fluctuations of a few
radianc, referenced to 1 GHz, in general agreement with our results.

The periods of enhanced phase scintillation we observed with the longer detrend
times did nct generally agree with observations of weak amplitude scintillation in fndivi-
dual cases, or with the times of individual TEC enhancements. There was general overall
agreement, however, between the overall occurrence of enhanced phase scintillation and
observable amplitude scintfllation during the periods when the TEC was showing large
varfability.



CONCLUSIONS

Signals from the GPS satellites have been used to make the first absolute TEC and
L-band amplitude and phase scintillation measurements of the polar cap tonosphere. TEC
enhancements from the assumed solar controlled TEC background were very large and were
1fkely due to fonization produced elsewhere and convected over the polar cap. Amplitude
scintillation generally occurs during periods of TEC enhancements with a preference for
scintillatfon to occur on the negative gradients of the large TEC enhancements. Iono-
spheric measurements using the dual frequency carrier and modulation transmissions of the
GPS satellites can be used to greatly improve our understanding of the physical processes
which govern transionospheric propagation in the polar cap ionosphere.
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DISCUSSION

R.A.Greenwald, US
What is the short wavelength resolution of the TEC measurements (small scale size)? Why aren't these measuremants of
the same structures as the longer wavelength structures measured with the scintillation technique?

Author's Reply
V/ith the combination of both amplitude and phase scintiltation we can mcasure irrcgularity scale sizes from a few
hundred metres to several hundreds of kilometres.

EJ.Fremouw, US
The fact that you obsérve intensity scintillation predominantly on the trailing edge of the TEC features is just what one
would expect from the ExB instability. The fact that it is better correlated with the TEC structure than is phase
scintillation is interesting in view of recent NRL suggestions of an outerscale cutolf for ExB in the presence of finite
layer thickness. 1 think this is a point worth pursuing.

Author’s Reply
Qur initial result is preliminary as it is based upon a very imited data set. We, of course, intend to pursue this work
further.

C.L.Rino, US
Dr Fremouw made a comment rcgarding a long wavelength cutoff of the ExB instability that would restrict growth
above | km based on NRL theory. The cutoff is well known, but it remains very uncertain what its precise naturc or
impact s,

Author’s Reply
One of the major advantages of using signals from the GPS satellites is that we can make simultancous measurements of
amplitude and phase scintillations using rclatively stowly moving satellites. thereby observing irrcgularities covering a
wide range of wavelengths.

A.Rodger, UK
There is obviously a strong diurnal vanation in the occurrence of the 300 km scale size irregulanties. Is this consistent
with a3 source mechanism in the cusp when Thule is effectively downstream from the cusp?

Author's Reply
We believe the source of the large TEC enhancements is the mid-day midlantude ionosphere with resulting convection
reaching the polar cap in the pre-midnight ume sector.
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F Region Electron Density Irregularity Spectra Near
Auroral Acceleration and Shear Regions

SUNANDA Basu, SANTIMAY Basu. and E. MACKENZIE

. Emmunuet Colleye

W. R. CoLEy axp W. B, HaxnsoN

Unmirersuy of Tevas at Dallas

C.S Lin
Southwest Research Insatute

Spectral charsciensues of auroral F regon ercgulannes were studied by the use of high-resolution
1~ S mi density measurements made by the retarding potential analvzer (RPA) on board the Atmo-
sphere Eaplorer 1D (AE-D) sinellite during two orbits wher the satelhite was traversing the high-latitude
ionosphere 1n the evening sector. Coordinated DMSP passes provided synoplic coverage ol auroral
activity. The auroral energy mput was extimated by antergrating the low-energy clectron (LEE) data on
AE-D. I was found that the one-dimensional in situ spectral index (o1 of the irregulariies at scale
lengths of <! km showed considerable steepening in regions of large auroral acceleration events with p,
values of ~ =3 This is interpreted as resulung from the effects of E region conductivity on the F region
irregulanty structure. The regions in between the precipitation structures. where presumably the £ region
conductivity was small. were generally associated with large shears in the horizontal E-W dnfts and large
velocities, as measured by the ion dnft meter on board AL-D. The mavumum dnfis measured were ~ 2
km s ™' corresponding 1o an clectric tield of 100 mV m ™' The large-velocny regions were also associated
with substantial ion heating and electron densiny deplenons. The largest shear magnitudes observed were
~KO m s ' km ' and the shear gradient scale lengths were <~ 10 km. which was approximately the
resolution of the ton drift meter data set used. The spectral charactensues of irregulanties 1n the large,
vaniable flow regions were very ditferent. with p, being ~ -1 Since these regions were also associated
with the largest trregularity amphtudes, it scemed probable that ether the veloony shears or, alter-
nutively. the large velociies provided & source of arregulanties in the auroral F region” ionosphere,
Current work on plasma instabilities related to veloaity shears and 1wo-dimensional luid wrbulence is

briefly summanzed and cnitwally compared to the lindings of the present study

I INTRODUCHION

The existence of plusma density irregulanues throughout
the high-latitude environment has been well established by
means of a variety of techniques {Basu et al.. 1983u: Foyer and
Kefley, 1980, and references therein]. However. very few
measurements are available regarding the spectral character-
istics of these irregularities since the pioneering study of Dyaon
er al. [1974] established their power law nature. Phelps and
Sagalyn [1976] used high-latitude topside ionospheric data
from ISIS 1 1o show that most spectra analyzed by them could
be fit by a simple power law with 4 one-dimensional spectra)
index ranging between —1.5and 2.5

At cquatorial latitudes. high-resolution n situ data obtained
both from rockets and from sateilites (mostly Atmosphere Ea-
plorcr E) showed a two-component irrcgularity spectrum
which was found to be associated with intense scintllation
events (Rino et al.. 1981; Busu et «l., 1983h]. Indced. Kelley e
al. [1982] found a4 mulicomponcent spectrum with the specieal
index steepening considerably for scale lengths of ~ 10 m. On
the other hand. Valludures et al. [1983] have identulied a
band-limited spectrum associated with bottomside irregu-
larities at low latitudes. {ts the object of this paper to make a
similar intensive study of high-resolution { ~ 35 m) clectron
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density arregulanity spectra from Atmosphere Expiorer D
(AE-D) datain the aurorad environment to determine whether
the type of parucle preapitation or the nature of (he electric
ficld variation leaves any specitic signatures on the irregularity
spectra. This should help to iselate the types of instabilities
operating in localized regions of the auroral environment. The
fact that high-tatitude irregularites are omnipresent over vast
regions of space certainly argues against a unique instability
mechamism operating everywhere [Fejer and Kellev, 1980]. In
addition, it has been shown recently that & conducting E layer
at high lattudes sigmbicantly reduces the lifetime of small-
saale Foregion arregulanties [ichrey and Kelley, 1982]). This
indicates that F region rregularities which are either gener-
ated in or convected into regions where the £ layer is conduc-
ting could have a spectrum very different from that obtained
n regions where no precipitation (s present.

In the following section we present a brief description of the
mstrumentation used to obtain the data sets discussed in the
paper In the next two sections we present a host of different
types of data from two ATG-D passes over the auroral zone,
which allows us 1o study the irregularity spectra and define
the sources of energy input into the regions from which such
spectra are obtained. We were also fortunate enough to have
DMSP comunctions which allowed us to determine the type
of auroral luminosity assocrated with the particle precipi-
tation. In the last section we present some discussion regard-
ing specihic plasma instability and veloceity turbulence mecha-
misms that have been postulated in the literature for irregu-
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R\ ATITUDE

.. LONGITUDE (IMF B, SOUTHWARD)

U

DEC. 1, 1975

——

Fig. 1. AE-D orbut 652 superimposed on DMSP photograph tuken on December 1. 1975, showing an active auroral
display durtng IME 1, southward conditions. The DMSP photograph s o negative. so that the bright arcs arc represented
by the durk features. Letters A. B. C. und D 1denuly the gaps in the particle precipuiation region on orbit 652 and are also

shown in Frgure 2.

larity generation but which cither do or do not fit the AE-D
obscrvauons.

2. INsTRUMENTATION ON AE-D axn DMSP

The AE-D spacccralt was launched in October 1975 into a
90 1inciination orbit with initial perigee and apogee of 150 and
4000 km, respectively. The AE-D data presented here are for
two orbits, onec obtained on December 1, 1975, and the other
on November 5, 1975, when the satcllite was traversing the F
region through the cvemng sector of the auroral oval in the
northern hemisphere. The data sets on those orbits that have
been used for the purpaoses of this paper were obtained from
the retarding potenual analyzer (RPA), the ion dnft meter
(IDM). the low-energy electron cxperiment (LEE) and the
photoelectron spectrometer {PES).

The mujor focus of this paper v on the high-resolution 1on
density measurements made by the RPA [HHanson et al., 1973]
at intervals of 445 ms (1.e., with a4 spatal resolution of ~ 35
m) These duta are then used to determine the root mean

square irregularity amplitude. AN/N, over 3 s of data and also
to compute the power spectrum of the 3 s sample. The RPA
also provided estimates of the ion temperature 7, and the
component of the drift along the orbital track (ie. N-S) at
approximately 6-s intervals. The IDM provided simultaneous
measurements of the E-W component of ion drift perpendicu-
lar to the satellite velocity vector with a resolution of approxi-
mately 1.3 s or about 10 km along the spacecraft orbit, with a
sensitivity of ~20 m s~ "' (Hanson and Heelis, 1975]. The inte-
gration of the LEE data [Hoffman et ul.. 1973] provided a
measure of the energy deposited into the ionosphere with [-s
resolution.

The energy deposition rate R was computed in 2 manner
similar to that done by Lin and Hoffman [1982d] as the total
electron energy flux contained within the local loss cone x4,

' S0
R = 2nS Jdl:‘ J dx sin xJ(E, x)E (1)
0
where § =16 x 1077 erg (keV)™' is the conversion factor,
A N IR R AR UL SN P P RN
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. Fig 2 AE-1) acbit 652 dinta between 140130 and 140330 UT on December 1. 1975, showing the E-W veloaty from
" the IDM. the energy deposition rate R obtained from the LLL experiemnt. the one-dimensional spectral index for wale
. lengths less thun | km, and the irregularty amphiude AN Nlgy, percent, the fatler two obtained from the RPA Note
:. steep spectral index an precaipitation regions and shallow spectral index together with farge irregularity amplitude 1n large
'’ structured flow regions The orbit has been plotted on a magnenic local time-invanant latitude coordinate system 1o help
v n the interpretation of the dnft measurements The urrow marked B oindicates the mean tme of two LEE spectra shown in
Ca Figure 5 and the 1wo arrons marked S, und S, indicate the times for which density spectra have been shown in Figuies 4
v and 3b
¥
L]
'_ and R s u. units of ergs (cm? s)7 ' The integration 1s com- by two energy-stepped detectors, and the flux was hinecarly
. puted from 0 10 2, for the pitch angle and from 200 ¢V to 25 interpolated (or all the pitch angles within x,
, keV for the energy of the LEE detectors At the AE-D alu- The PES experiment consisted of two spectrometers in the
: tude, 2,15 approximately 67 in the auroral zone. The particle  energy range between 2 and S00 eV that measured electrons at
4 flux J(E, 2) was measured simultaneously at two pitch angles  angles of <20 and 160 [Docring et al, 1973] The instru-
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baig 3 LEE spectrum obtaned a1 1401.45 UT shoswing no aceel-
eration and that obtuined at 1401:46 UT showing particle acceler-
dtion

ment mode was such that for one AE-D) pass (6521 the detec-
tor was looking up continuously (i.c.. pitch angle 20 ) while
making one 16-point spectrum per 0.25 s. For the other orbit
(344) the detector was looking continuously downward (ie.
pitch angle 160 }.

The AE-D orbits fortunately occurred at times when coor-
dinated observations of the visual aurora were possible with
the US. Air Force DMSP (Defense Meteorological Sateilite
Program) satellites. thus providing a synoptic view of the au-
roral behavior in the vicinity of the AE-D orbits. These partic-
ular DMSP satellites were in dawn-dusk sun-synchronous
polar orbits with nominal characteristics of ¥30-km alutude.
98.75 nchination, and 101.5-min pcriod. Images of the aurora
are produced by a line-scanning radiometer which builds up
pictures by repetiive scanning {~ 1.8 Hz) across the carth
along the orbital track. Eather {1979 has shown that the
block SB'SC DMSP satcllites, from which these two orbus
were obtained, can detect auroral forms of inteasities of ~ 170
Rof 557701

3. ORSERVATIONS

X1 AE-D Orbu 652

In Figurc 1 we show the track of AE-D across the auroral
forms observed by the DMSP sateilite. The DMSP picture
shown 15 a negative, so that the dark areas represent visual
aurora. The B, component of the interplanetary magnetic field
{(IMF) was large and southward ( ~ — 3 ;) during the pass and
during the previous hour, and a rather dramatic auroral dis-
play is seen as a result. {t may be noted that the temporal and
spatial overlap of the DMSP satellite coverage and the AE-D
orbit are excellent, both satellites approaching the center of
the diagram at 1403 UT. A grid of geographic latitude and
longtiude appropriate for a 100-km altitude level is superim-
posed on the DMSP photograph.

The data obtained from some of the different instruments
on AE-D between 1401:30 and 1403:30 UT when 1t was tra-
versing the auroral forms are shown in Figure 2 The top
panel shows the variation of the E-W component of the ion
drift obtained from the IDM. The dircction of the dnifts can be
best understood on the basuis of the polar plot of invariant
latitude and magnetic local time (MLT) which shows orbit 652
coming into the evening auroral oval from the davside polar
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cap. The satellite altitude and magnetic coordinates are given
at the bottom of Figure 2. Positive dnifts on the nightside refer
to castward, or toward dawn, dnfts, wherear the negative
drifis signify the opposite directions. While corotation veloci-
ties of the order of +200 m s ' have not been subtracted
from the data, it is quite clear that large variations of eastward
drift giving rise 10 large shears in the drift velocity are oc-
curring within the auroral oval. The largest dnft structure just
prior to 1403 UT corresponds to a southward electric field of
~100mVm~'.

The second panel shows the vanation of the energy depo-
sition rate R (dcfined in section 2) of the 0.2- to 25-keV ciec-
trons as a funcuon of position along the satelhite track. At
lcast five distinct precipitation regions with cnergy of > S ergs
{cm® s)" " arc obscrved. The gaps 1n between the preaipitation
rcgions marked A, B. C and D arc also idenuficd on the
DMSP photograph of the auroral arc system. It 1s important
to note that the large shears in the horizontal doft and large
convective flows oceur in between particle preaipitation re-
grons, is was noted carhier by Burch ¢ al [19764) The major
particle precipitation regions are all assocated with visual au-
roras and may be identified with inverted V-type particle pre-
apitation and auroral electron acceleration {Burch er al .
1976 Lin and Hoffman. 1982bh] To prove that auroral accel-
cration was indeed occurring. we exhibit two consecutive spec-
tra of clectron energy at 1401:45 und 1401 46 UT in Figure 3.
which shows an unaccelerated spectrum at 1401 35 UT. wih
deccleratuon over the range 2 5 keV appearing 10 the nest
seeond The mean time of these two spectra s identihied on the
second panel of Figure 2 by an arrow marked B The acceler-
ated spectrum of 1401 46 UT s typical of a S-vantersal which.
using the computations of L and Hoffman [19820]. puve rise
1o WAR of $577-A emisvion and can thus be identified with a
visual arc A narrow but very bright arc s clearly visible in the
PMSP photograph at that location

The most important aspect of our study 1s embodied 1n the
kst two panels of Figure 2. tn which we show the rms irrepu-
lanty amphitude (fourth panell computed over 3 s of high-
resolution RPA density data and the one-dimenvional spectral
index of the (AN N} spectrum ithird panch The spectral index
shows o marked steepening (~ ~ 1) within auroral preap-
tation.acceleration regions, thereby indicating most probuably
the clect of a conducting £ region on the structure of [ region
irrcgulanties through an enhancement of the cross-ticld diffu-
sion. as discussed by Vichrey und Kellev [19%2] Esen more
remarkable are the rather shallow spectra with spectral index
values of ~ ~ 110 regions which are in between preapitation
rcgions. These regions arc associated with large structured
horizontal dniflis in the E-W dircction. An cxamination of the
wrecgularity amplhitude shows that these large struciured veloc-
iy regions arc also usually associated with large irregularity
amplitudes of > 10" The strong precipitation regions. on the
other hand, while invanably 1dentified by steep sipecira, are
not always associated with large irregulanty amplitudes Fur-
ther discussion of these features will be given in section 4

In order 10 study closely the differences in spectral charac-
teristics we show n Figures da and 4b the high-resolution
irregulanty wavelorms and their spectra obtained 1 the pre-
apitation (1402 31 UT) and large-velocity (1402 S0 UT) re-
gions, respectively These times are dentified by two arrows
mirked S, and S; on the third panel of Figure 2 The wave-
form in the precipitation regron, which 1s also associated with
auroral acceleration, shown an a3y sample of 1he high-
resolunon density data on the tower panel of Fipure 40 exhib.
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tig 4u The lower pancl shows 3-s sampic of high-resolubon RPA data of retative amplitudes attained on AE-D orbit

652 near the point marked S, on Figure 2. The irregulanity amphitude (AN/Nlyys = 11.2%. The upper panel shows a
power spectrum of the hnearly detrended data corresponding to the }-s sample shown below obtained by the FFT
(crosses) and maximum entropy (solid lines) techniques. Note that this sample. obtained within an auroral accelerauon
region, has Inttle high-frequency structure 1n the denity. leading to i steep spectrum with one-dimensional spectral index

p. = =~} forscale lengths of <1km

its much less high-frequency structure than that observed 1n
the corresponding panel of Figure 4h, even though both ure
plofied on the same relative amphtude scale and have similar
irregulanty amphitudes. This difference in irregularity structure
w reflected in the respective spectra which are shown in the
top pancls of cach diagram. To cbtain these spectra, the re-
spective samples were hinearly detrended, and the 7ero mean
time series of positive and negative fluctuations, AN, from
the trend hne were obtained. The percentage fluctuations of
AN.N. N being derived from the trend line, were subjected to
spectral analysis by both the fast Fourier transform (FFT) and
the maximum entropy {MEM) methods. The FFT program
was the samc as the onc uscd earhicr by Dyson et al. [1974].
The spectra were normalized such that the integral of the
fluctuanion power | S(f) df over the observed frequency range
cquals the vanance of the original time scries of AN/N. The
frequency (f) scale was converted to irregularity scale length
{A) by using the refation A = v/f, where v is the satellite veloc-
ity. In view of its geophysical importance we shall illustrate
the power spectra in terms of irregularity wavelength. The
crosses indicate the spectral estimates obtained by the FFT
techmique, and the solid line represents the MEM spectrum. {t
should be kept in mind that these spectra, obtained from in
situ data, are one-dimensional power spectra of AN/N

The spectrum obtained in the auroral acceleration region is
reminiscent of the spectrum observed by AE-E within a top-
side equatorial bubble [Basu et al., 1983h] with a flat spectral
index at long scale lengths, > 5 km, and a steep spectral index
of —3.5 at scale lengths of <1 km. The large-velocity region
spectrum, on the other hand, has a very shallow slope, with
the lincar lcast squarcs fit to scale lengths of <1 km showing
a slope of —1.5. To focus on the differences of the two spectral
classes, we superimpose the MEM spectrum from Figure 4a
on that from Figure 4b in Figure 4¢. It shows that even
though the spectral intensity is the same at 500 m in both

cases, the spectral intensities at shorter
almost | order of magnitude greater in
region all the way down to 70 m. It may
icregularity amplitudes of the samples are

scale lengths are
the large-velocity
be noted that the
approrimately the

same. This significs that the power spectral densities at the
largest scale lengths (~10 km) of both samples are almost
cqual. These differences in spectral behavior should have im-
portant ramifications for VHF/UHF scintillations and their
frequency dependence, as will be discussed in the last section
To obtain further information on the structured convectine
flow regions, we studied the ambient density N, from the IDM
and the ram component of the velocity and T, [rcm the RPA
for orbit 652 as well as the very low energy clectron data from
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g 4b  Same as Figure du except that the data are obtamned near point §, un Figure 2 The irregulunty amphiude
(AN Nigyy = 14.5%. Note that this sample. obtained within a large structured flow region, has consderable high-
frequency structure in the density. leading 1o a shallow spectrum with one-dimensional spectral index p, = ~ 1S for seale
lengths of <1 km.

the PES In order to facilitate comparisons with Figurc 2 we
have repeated 1in Figure 5 the top pancl of ion drifts from
Figurc 2 and have added the drift velocity data obtained by
the RPA along the satellite orbit. Positive drift indicates
motion toward the spacecraft, and negative dnift away from
the spacecraft. The corresponding N, data are shown in the
second punel. 7, data in the third panel, and the energy-time
spectrogram from the PES instrument in the fourth panel. The
drift velocity measured by the RPA is oblained along the same
direction as the N, measurements. [t is interesting to note that
the component of the drift along the satellite orbit (which is
mostly N-S} is quite small in regions where large E-W veloci-
ties are observed. The only region where both the N-S and the
E-W components of drift are approximately equal in magni-
tude is that near 1401:45 UT, probably a region of rotational
discontinuity [Heelis et al., 1980] between the general anti-
sunward flow over the polar cap and the sunward and large
castward flows seen in the auroral oval.

The N, data are plotted only once per half second, even
though much higher resolution is available from the IDM.

with ion drifts of ~2 km s

computing the above reaction rate.

LOG '
SPECTRAL
INTENSITY .

The NO ' recombines rapidly. and thus the total ion (electron)
density decrcases (Schunk et af., 1976]. The ion temperatuce
has a spectacular increase in excess of 4000 K in association
However, as discussed by Sr.
Maurice and Torr [1978]. when 1on convection velocities arc
s0 large, an “effecuve”™ temperature (which can be considerably
smaller than the measured 10on temperaturce) has to be used in

The PES spectrum shown in the fourth panct of Figure §
was obtained with the specirometer pointing upward (pitch
angle 20 ), so that upgoing particles are not sensed. What 1s

There 1s a reduction of N, associated with each high-velocity
region This 1s probably due to the increased ion temperature,
as seen in the third panel, associated with the large electric

o ' 1
IRREGULARITY WAVELENGTH (am)

fields and a consequent increase of the charge exchange reac- Fig 4 Superposition of the MEM spectra from Figure 4a tsold

non rate of
O +N;—-NO" + N

AT ATR LT SO PR

'

hney and Frgure dh (dashed hinel showing much larger power spectral
densities at scale lengths of < 500 m in the spectrum obtained within
a large structured flow regron
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observed consistently is an almost total lack of precipitating
particles even at these low energies in the regions of shear
flow. The four gaps in the LEE precipitation marked A, B, C.
and D on Figure 2 can be clearly identified in the PES spec-
trum, with A becoming a very narrow region between two
very intense precipitation events and B, C, and D being more
comparabie to the gap widths in the LEE data. It is indeed
interesting to note that al} particles with energies as low as 2
eV, the threshold of the PES instrument, are gencrally absent
in the regions which we have identified earlier to be associated
with large southward electric fields and rapid variations in
their magnitude. Thus it is probably realistic to assume that
the gap regions are threaded by magnetic field lines which
terminate in relatively nonconducting E regions.

3.2, Orbit 344

We present a second set of data from AE-D. obtained
during IMF B. northward conditions, when a similar relation-
ship between particle precipitation, large structured convective
flow. and electron density spectral behavior was observed,
even though the sateliite was at much lower altitudes. Figure 6
shows the track of AE-D orbit 344 on November 5, 1975,
plotted on the corresponding DMSP photograph. Unfortu-
nately. in this casc the DMSP satellitc photograph refers to a
time that is 5 min after thc AE-D pass over the same gco-
graphic region. However, in keeping with the northward B,
condition we find a rather quict auroral display as compared
to that shown in Figure 1. The IDM drifts, integrated LEE
cnergy flux, and irregularity amplitude and spectral index
plots from thc RPA arc shown in Figure 7. Again onc ob-
scrves the anticorrelation of the large clectric ficld region with
the particle precipitation region and the association of cach
region with a particular type of spectral index. In particular,
there is a rather spectacular westward shear flow region cen-
tered at 0811:15 UT which occurs on the equatorward side of
the visual aurora. This region is associated with a large irregu-
Jarity amplitude of 20 and a shallow spectral index of ~ — 1.
Within the precipitation region centered at 0811 UT. however,
the irregularity amplitude is quite small and the spectral index
is —3.

The LEE spectra obtained at 0811:00 UT and 0811:07 UT.
shown in Figure 8, clearly depict the signatur of an auroral
acceleration region with a secondary peak around 5 keV, al-
though the number fuxes are an order of magnitude lower
than the fluxes observed during orbit 652. The total energy
deposition is in excess of 10 ergs (cm? s)”'. Thus again we
have evidence of steepening of F region irregularity spectra
caused by the enhanced cross-field difTusion due 1o the pres-
ence of underlying E region conductivity. On the other hand,
the immediately equatorward region has a <0.! erg (cm?s) !
energy deposition rate but a very large irregularity amplitude
with shallow spectra, which tends to indicate that the large
structured flow region is a strong source of ~ 100-m irregu-
larity scale lengths.

Another interesting oppositely directed spikelike shear flow
event is centered around 0810:30 UT, with the precipitation
event occurring in the region between the spikes. Such events
were studicd carlier by Burch et al. {1976b] and were found to
occur ncar the large-scale reversal from sunward to anti-
sunward convection on the nightside. In this case, too, it is
probably located at such a boundary, as we shall show in
Figure 9, where the ram component of the drift is also plotted.
The irregularity amplitude is not as large as onc gencrally

BASU ET AL.: AURORAL F REGION [RREGULARITY SPECTRA

AE-D
#6382 0DEC.H, 1978

VELOCITY (m/s)

10N DENSITYIx10%cm?)
~N » [ [ ]
I e e

. e A
R “ 02 3 14 03 30 Ut
= 4000
w
5
£ 3000
&
w
3
w 20004
-
2
e .
1000 |-
- 1 i
“ Ol 30 1402 30 14.03 30
$25
3 azof
b 3
g
W usr
-
§ 210+
o
W
I
1084
[+] n 1 n
UT 140t 30 1402 30 14 03 30
INV LAT (") 7614 T2 4% 6878
MLT (M3} 21 4a 21 43 2142
ALT (xm} 348 400 439

Fig. 5. AE-D orbit 652 data between 1401:30 and 1403:30 UT
showing both the E-W drift from the IDM (solid line) and the drift
parailel 10 the satellite velocity from the RPA (dashed line) on the first
panel. the ion concentration N, from the IDM on the second panet,
the ion 1emperature T; from the RPA on the third panel. and the
cacrgy-tme spectrogram from the PES on the fourth panel. The PES
was looking upward at 20 pitch angle, so thai it could sense only the
precipilating flux. A large enhancement in T, is noted in conjunclion
with a large convective flow region and consequent reduction in N .

obscrves in association with shear flows, and only the cast-
ward dirccted shear is associated with the characteristic shal-
low spectrum. It is somewhat rclevant to note that no visual
feature that coincides with the precipitation region ncar
0810:30 UT could be identificd on the DMSP photo taken §
min later. so that 1t must have been a relatively short-lived
event.

In Figure 9 we have plotted the component of the drift
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awnin Digure 7

along the sateilite velocity direction fas well as replotied the
E-\W velocity measurements) N T. and energy-ume spece
trogram (rom PES for orbit 344 10 the same formuat (it was
aned for ornit 652 Agan we find the N-S companent of thy
drift 1o be less structured than the westward dnift The op-
aositely dirccted sprhelike E-W flows seem 10 indicate the
boundary hoiween the generally antsunward Mows over the
polar cap and the generally sunwurd and westward Now over
the auroral oval The N, in this low-altitude case provices
clear esiderce of omzation created by particle preapiiation
a1th the energy deposition panel of Figure 7 appeanng seny
cmilar 1o the N, behavior in Frgure 9 Thus the depiction in
density 1 high-velocity regrons for arbit 344 s probabiy
caused by the abscace af a particie source The absence ol a

particle source eser at the lowest encrgies cun be confirmed
from the PES data. where dark bands are scen i dassocihion
with large structured seloaity regrons The impariant pont 1o

Fig 6 Same as Figure | except for orbu 344 on November S 1578 chowing quiet aurordl behavior Juning IMT 8,
rorthward conditons Letrers A and Hondentfy the gaps in the parhic preafitabion regton an orhit 344 and e iso

fication of upgoing clectron fluxes was obscryed in conjunc-
non with the spikes 1in low velocitics, in ¢ontrast to the find-
snes obtoned by de la Beawgardiere and Heckis [1934] As on
orbit 6820 the farge fow acloaity regrons arc associated with
Lirge eahancements an Toeven though in thes case values of
< Ywd) Roare seen rather than valucs in cvcess of 4000 Koas
10 the former case

4 DIscUssioN

The men nformation obtaned from o discussion of the two
AL-D) arhis has been the association of distinctly different
rreguiarty spectral charactenstics of the thermal plusma with
Juroral ucceleration and large structured fow regions. While
the aurnaral acceieration regions were found to produce steep
spectra with one-dimensional spectral index values (for + <!
L of ~ = the large flow regions were characterized by

vory shallaw spectra with spectral indes values of ~ —! The

note 1n this case ts that the PES was ‘m;nmg doswrmward, Lo [N SRR i acceleralion rEaIons drc cansisicnt with the y
was measuring oniy the upgoing fure Hloscver, ma o Corr oD ke awd Reller 19827 who showed that the rase
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of cross-field plasma diffusion in the F region ionosphere is
significantly increased when the magnetic field lines thread a
highly conducting E region below. The lifetime of small-scale
F region irregularities is thereby reduced, and a steep spec-
trum is expected within bright auroral arc regions where the E
region Pedersen conductivity is quite high. The irregularities
obscrved in such regions may be the result of local processes
or may have been convected into such regions. In other words,
we do not claim that auroral arcs are always sources of large-

AE-0 o344 NOV.3,1973
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-1200
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Fig 7. Same as Figure 2 except for AE-D orbit 344 between 0810
and 0812 UT on November 5. 1975. The arrows marked E, and €,
indicate the times of two LEE spectra shown in Figure 8.
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Fig. 8. LEL spectra obtained at 081(:00 and 081107 UT. both
showing evidence of particle acceleration.

amplitude F region irregularities, since their efficacy as source
regions depends on the spectra of the incoming particles and
the time history of such precipitation events [Basu et ul.
1983a: Muldrew and Vickrey, 1982].

The large structured flow regions, on the other hand, are
generally associated with large-amplitude irregularities. In
trying to determine a generation mechanism f(or these irregu-
larities, it is instructive to note that Keskinen and Ossakow
[1983a] have studied the nonlinear evolution of equatorward
convecting auroral plasma enhancements that imtially contain
only a N-S density gradient. These plasma enhancements were
shown to be unstable and to break up into primary north-
south aligned fingerhke structures that themselves contain
sharp E-W and N-S density gradients. If these long-
wavelength primary irregularities have a component of con-
vection in the E-W direction, then secondary smaller-scale
approximately L shell aligned structures could grow on the
E-W density gradients of the primary irregularities. Keskinen
and Ossakow [1981a] further state that the E-W convection
must be of sufficient magnitude in comparison with the N-S
convection 1o prevent velocity shear stabilization [Huba et al..
1983]. In the present situation, the E-W convection is, indeed,
much larger than the N-S convection. However, the shallow
spectral characteristics of these irregularities do not conform
to those obtained by the numerical simulations of Keskinen
and Ossakow [1983a].

Our finding of largc-amplitude irregularitics together with a
shallow spectrum implies the existence of large power spectral
densitics at short scale lengths of ~ 100 m. The fact that in the
adjacent precipitation regions there s an order of magnitude
reduction of power spectral densities at such scale iengths
strongly suggests that either the large velocities themselves or
the shears in these velocities providfia source for plasma den-
sity irregularities in the F region in this scale length regime.
This finding seems to contradict most current analytical work
on plasma instabilities, which shows that velocity shears tend
to stabilize small-scale irregularity growth in the F region, as
briefly mentioned earlier. For instance, Huha et al. {1983].
who studied the E x B instability with an inhomogeneous E
field, and Guzdar et al. [1982] and Satyanarayana and Ossa-
kow [1984], who considered, respectively, the Rayleigh-Taylor
instability and the current convective instability with velocity
shears, all come to this same conclusion. However, all the
authors above considered a linear theory of the specific insta-
bility, whilc the observations reported here are almost cer-
tainly in the nonlinear regime. In a recent review, Keskinen
and Ossakow [1983h] stressed the importance of being able to

55

. ”ﬂ h - e

-

TIIREL

<

2

l

A

D

RALAPLIEL | TR SN

X BRI,

A

YN,

R e

26




BAsU ET AL : AURORAL F REGION IRRBGULARITY SPECTRA

AE-D
® 344 NOV 35,1975
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Fig. 9. Same as Figure 5 except for AE-D orbit 344 between 0810
and 0812 UT. The PES was looking downward at 160° pitch angle, so
that 1t could sense only the upgoing fluxes.

model these shears in nonlinear numerical simulation studies
which would shed some light on the saturated amplitudes and
spectra of these irregularities. We hope these observations will
provide a fresh incentive to the theorists and simulation
groups for further studies on the effect of large structured
flows on plasma instabilities.

To help in their endeavor, we would like to provide some
further characteristics of the structured flow regions. The larg-
est magnitude of the velocity shear observed was 80 m s !
km ™! (equivalent to 4 mV m~' km~'), while the smallest
gradient scale length of the shear was determined to be 12 km.
The latter figure 1s almost exactly equal to the resolution of
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the data set used. Thus it seems quite probable that the shear
gradient scale length could be considerably smaller and the
velocily shear magnitude somewhat larger than those quoted
above. The largest electric field found in the shear region was
~ 100 mV m "', In addition, we have scen that the large veloc-
ities cause substantial ion heating which, in turn, can create
marked depletions in the upper F region ambient density by
changing the ion chemistry, as observed on orbit 652. We also
found that the large structured flows were generally confined
to regions where the E layer was relatively nonconducting
The presence of these large velocilies seems to be relatively
independent of the state of the magnetosphere, being observed
in conjunction with a rather active auroral display during
IMF B, southward conditions and during a northward B,
quiet arc configuration. The large velocitics also seem to be a
persistent feature of the magnetosphere-ionosphere interaction
in that they were observed on consecutive AE-D orbits, e.g.,
on both orbit 651 and orbit 652. Given the wide variety of
conditions under which they were observed and found to be
associated with large-amplitude irregularities (~ 207%) in both
highly collisional and weakly collisional regimes, they may
provide a significant source of F region irrcgularities in the
auroral environment. .

Earlier studies by Kelley and Carlson [1977) and Kintner
[1976] of velocity shears detected by rockets and satellites do
not address the question of the spectral characteristics of den-
sity irregularities associated with velocity shears. To our
knowledge the only mention of a k™' density spectrum ap-
pears in the work of Kelley and On [1978), who used the
theory of turbulence in two-dimensional fluids to make such a
prediction for the density spectrum appropriate for the wake
of a rising bubble in the cquatorial ionosphere. The associated
velocity turbulence would take the form of a k™3 spectrum.
Kintner [1976]) and Kelley and Kintner [1978] used similar
fluid turbulence arguments to cxplain their high-latitude elec-
trostatic lurbulence data. Later, Fejer and Kelley [1980], in
their comprehensive review, pointed out that such velocity
(1.c., electrostatic} turbulence 1n the presence of horizonial
gradients (possibly due to parucle precipitation) at high [ati-
tudes will create density variations in the same scale length
regime. Fejer and Kelley {1980] also pointed out that, seman-
tically at least, i1 is important to note that this turbulence
generation process is not a plasma instability but a nonlinecar
wave-wave coupling effect. Furthermore, this method of de-
scribing turbulent plasmas circumvents the linear instability
theory compiletely and addresses directly the fully developed
state. Recent ongoing studies indicate that two-dimensional
turbulence driven by large velocities could give rise to a k™!
density fluctuation spectrum (C. E. Secyler, private communi-
cation, 1983).

As far as saintillation measurements arc concerned, the wide
variation of spectral indices in the auroral acceleration and
large structured flow regions should give rise to similar van-
ations 1n the scintillation spectra. Indecd. in onc such casc
study involving rocket probe, scintillation, and incoherent
scatter radar observations of irregularities in the auroral iono-
sphere, phase spectral slopes varying from —1 to —4 were
obtained [Kelley et al, 1980]). The HILAT satcliite, which
combines various in situ measurements and a multifrequency
beacon [Fremouw et ul., 1983], should provide & unique op-
portunity of studying scintillation spectra and determining the
auroral conditions associated with such spectra. In particular,
the multifrequency beacon should provide an opportunity of
determining the variation of scintillation magnitude with fre-
quency, a variation which 1s expected to be small in large flow

regions with shallow spectral slopes Further. m view of the 56
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density depletion associated with these regions, scintillations
may maximize on the walls of such regions, as was observed
for the case of equatorial bubbles { Basu et al.. 19835].

One parameter of great importance that was not measured
by AE-D was field-aligned currents. it is expected that the
upward field-aligned currents that flow within auroral arcs
[Burke &1 al. 1980] would be associated with downward
return currents that may or may not flow in the contiguous
shecar regions [Burke et al., 1983]. It is necessary to determine
whether strong field-aligned currents do indeed flow through
the regions of structured velocity, as they may independently
provide a source of irregularitics. Chaturvedi [1976]. by invok-
ing the collisional ion cyclotron instability, has shown that
strong field-aligned currents in the auroral F region iono-
sphere can lead to irregularities with scale sizes of hundreds of
meters perpendicular to the magnetic field. In particular, the
observed reduction of density in the large flow regions makes
the ion cyclotron instability a viable alternative for the gener-
ation of irregularities in such regions.
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Spatial variability of total electron content in the eastern Mediterranean region
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Faraday rotation observations were conducted at Haifa, Israel (32.87' N, 3509°E). and Athens,
Gireece (37.97°N. 23.72°E). during the maximum phase of the current solar cycle using the VHF beacon
of the SIRIO satellite. The subtonospheric points (at 420 km) are (29.9°'N, 279 E) and (3J4.5 N, IB4°E),
and the subionospheric L shell values are 1.24 and 1.37, respectively. Expected latitudinal and local
ume differences in total electron content (TEC) for the two locales are observed. However, the Haila
data are characterized by generally occurring, seasonally independent, large postsunset clectron content
maxima which are absent for the Athens data. Furthermore, the postsunset increases would appear to
be a solar maximum phenomenon, as they are not observed during the minimum phase of the solar
cycle. The postsunsct increases are attributed to electron fluxes arriving from the equatonal regions
along the magnetic lines of force. The correlation coeflicients of hourly TEC at the Haifa/Athens locales
exhibit a ally independent diurnal variation with minimum values at might and maximum values
generally at the end of the builldup phase of TEC variation The dayuime ratios of the standard
deviation of TEC 10 the average TEC are generally seasonally independent and behave quite similarly

RN SINK] BRI LY 3 at okt Y ¥ Ny i ara

at the two locales, with dayuime values below ~25%

INTRODUCTION

Totul clectron content (TEC) measurements were
madc at Haifa, Isracl [Soicher et al., 1982] (32.87°N,
35.09 E). and Athens, Greece (37.97°N, 23.72°E), by
monutoring the polarization rotation of VHF trans-
mission from the geostationary SIRIO satellite,
which is located at 15°W. The subionospheric points
(1.e.. the coordinates of the point at which the path
from the satellite to the observation station intersects
a mean ionospheric altitude of 420 km) for the Haifa
and Athens locales are (29.9°N, 27.9°E) and (34.5°N,
18.4°E), respectively; the invariant latitudes are 26.2°
and 31.4° respectively; the magnetic dip angles are
41.8° and 48.4°, respectively; and the L shell values
arc 1.24 and 1.37, respectively. The ionospheric
characteristics observed are considered to be those
which are prevalent at the subionospheric points
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rather than at the locations of the receiving apparat-
us. The beacon frequency of SIRIO used in the ob-
servations was 136.14 MHz.

The transmission from the satellite was continuous
except for an occasional deliberate shutdown of the
satellite beacon for power conservation requirements.
Occasional interference and loss of power at the
receiver site have also caused some data gaps.

At any onc location, TEC is a quantity that is
observed to vary diurnally, from day to day, scason-
ally, with the phase of the 11-year solar cycle, and in
response to ionospheric disturbances. The data here
were taken during the maximum phase of the current
solar cyclc (cycle 21, which is a relatively high one in
comparison to other cycles), and thus the TEC values
represenl maximum expected values in this region of
the world.

DATA

The supenimposed dwrnal vanation of 15-min
TEC values, normalized to the verucal direction and
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Fig | Superimposed diurnal vanations of total electron content (TEC) for Haifa, Israel, for January through

December 1980 versus time in UT (! TEC unit = 10'%el m™?)

grouped in monthly intervals for the calendar year
1980, are shown in Figures | and 2 for the Haifa and
Athens locations, respectively. The monthly averages
of the TEC data for the same months are displayed
in Figures 3 and 4, respectively.

At both locations the daytime TEC maximizes at
the equinoxes (the spring (vernal) equinox has larger
absolute TEC values then the autumnal equinox) and
minimizes at the summer periods.

At both locations the electron content increases
rapidly after local sunrise. The rate of increase is
quite steep for the equinoctial and winter periods and
significantly slower in the summer period. After
reaching a diurnal maximum the TEC begins to de-
crease fairly rapidly. However, the Haifa TEC data
are characterized by generally occurring, seasonally

independent, large postsunset increases which last for
2-3 hours. These increases are generally absent for
the Athens data. For Haila, the TEC, after reaching a
diurnal maximum, begins to decrease fairly rapidly.
Following the maximum, TEC may gradually decay
to reach a minimum just prior to the next sunrise.
On many days, however, TEC may reach a secon-
dary maximum quite dramatically. The peak of the
sccondary cnhancement occurs at about 1800 UT,
i.e., about an hour or so after local sunset. The post-
sunset TEC increase is observed at most seasons but
is most pronounced in the late equinoctial and winter
periods. For Athens the TEC secondary increase 1s
rarely observed, and after the diurnal maximum s
reached, the TEC gradually decays to its minimum
value.
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Fig 2 Same as Figure ! but for Athens, Greece

Somc of the gross characteristics of TEC are simi-
far at both locations. For example. the sharply lower
dayuime TEC values on June 27, 1980, and the sharp-
lv larger TEC daytime values on Scptember 9, 1980,
arc common to both locations in comparison to ad-
jacent days. However, some of the less obvious vari-
ations (e.g., ltraveling ionospheric disturbances) are
unique to the individual location.

On the monthly average curves the postsunsct in-
crease is averaged out, but a change of slope is no-
ticeable in the Haifa data (Figure 3), while it is totally
absent for the Athens data (Figure 4).

For comparison purposcs, TEC data for Novem-
ber 1975 taken at Haifa using the VHF signal of the
geostationary ATS 6 satellite, which was located at
35 E. arc shown in Figure 5. The period of observa-
tion was ncar the minimum phase of the solar cycle.

The geographic subionospheric point was at 30.1°N,
35.1°E; the invariant latitude is 26.4°; the magnetic
dip is 42.7°; and the L shell value is 1.25. The solar
cycle variation of TEC is expressed by the ncar 5:1
ratio in maximum TEC values during 1980 as com-
pared to 1975 The 1980 postsunset maximum s
absent for the 1975 data; however, there are indica-
tions of morning maxima in the 1975 data.

The hourly averages of TEC at Haifa and Athens
for the equinoctial, summer, and winter periods are
shown in Figure 6. During the winter and the spring
cquinox the Haifa TEC values are always larger than
the corresponding Athens values. During the fall
equinox the Haifa values are larger than the Athens
values at all times cxcept the predawn period and the
initial decay peniod after the diurnal maximum.
During the summer, Athens values are larger than
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SATELLITE ATS-6 140 MHZ BEACON
NOVEMBER 1975
HAIFA, ISRAEL

TEC UNITS

17
LY(=UT+2)

Fig S Same as Figure 1 but for November 1975

the corresponding Haifa values cxcept duning the
dawn hours. While 1t s expected that the lower-
latitude 10nosphere observed from Haifa will exhibit
a tugher TEC than that observed from Athens, be-
cause of higher solar zenith angles. the summer data
are surprising.

The day-to-day variability of TEC is clearly exhi-
bited by the superposed diurnal curves of Figures |
and 2. The vanability is best described by the stan-
dard deviation of the daily TEC values from the
average monthly values. Of more practical signifi-
cance is the ratio of the standard deviation to the
mean TEC values as a function of time. Such ratios
are plotted for the various seasons for the Haifa and
Athens locales in Figure 7. It is seen that during the
daytime the ratios are reasonably constant, are inde-
pendent of location and season, and rarely attain
values above ~25%. During the night the ratios
behave more erratically and are much higher in
value. This suggests that there is an irreducible iono-
spheric vanability which, upon normalization by the
mean TEC, will be less by day than by night.

Using the smoothed hourly valucs of TEC from
the Haifa and Athens stations, shifted to correspond-
ing local times, correlation coeflicients for the two
locales were calculated for seasonally representative
months as a function of universal time (Figure §).
The error bars represent 95% confidence hmits, as-
suming a Gaussian distribution of values about the
mean. The correlation coeflicients exhibit a season-
ally independent diurnal vanation with minimum
values at night and a steep incrgase toward maxi-

HOURLY AVERAGES
TOTAL ELECTRON CONTENT (TEC)

o ATHENS, GREECE
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OIURNAL VARIATION OF THE RATIO
OF STANDARD DEVIATION OF TEC TO THE MEAN TEC !
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Fig. 7. Diurnal vanauons of the ratio (in percent) of the monthly standard deviation of TEC to the hourly

average of TEC at Haifa. Israel. and Athens. Greece, for various seasons dunng 1980

mum values generally at the end of the buildup phase
of TEC variation. The general trend is for the coef-
ficient to gradually decline after reaching the maxi-
mum, although some variability is observed.

Another approach is to cross-correlate, between
the two stations, the TEC values over continuous
time intervals and the variabihity of TEC values from
their monthly mean contours. By calculating the co-
efficient for the variabihities, rather than for the
actual values of TEC, any possible influence of the
different diurnal contour shapes of TEC is eliminat-
ed. The correlation 1s done for TEC values and vari-
abilities during three time intervals; 0000-0400 UT,
0000-2400 UT, and 1600-2200 UT. The first time
interval represents the nighttime, the second repre-
sents the full diurnal period, and the third represents
the time period during which the postsunset manxi-
mum occurs in Haifa, The results are shown in Table
I

As expected, the correlation coefficients for the
actual continuous TEC values are always higher than
the corresponding TEC variability coefficients. As
with the smoothed hourly correlation coeflicients the
nighttime correlations are low in comparison to
other diurnal intervals. The influence of the 24-hour

term is seen in the high correlation of the TEC values
for the time interval 0000-2400. The correlation cocf-
ficients are affected significantly when the 24-hour
term is removed by correlating the TEC vaniabilities.
For the time period 1600-2200, when the postsunset
maxima generally occur, the correlation coefficients
for the TEC variability are always lower than the
corresponding ones for the full diurnal periods,
except during the month of June when the postsunset
phenomenon is not prevalent.

DISCUSSION AND CONCLUSIONS

The large postsunset enhancements in TEC ob-
served at Haifa are due to the “fountain effect™ pat-
tern of plasma motion from the equatonal regions
along the magnetic lines of force. In the equatorial
rcgion, polarization fields produce large upward
drifts of electrons at sunset, resulting in a rapid lifting
of the F layer and massive horizontal flow of plasma
along the field lines [Rishbeth, 1977; Wu, 1672]. A
postsunset enhancement in upward E x B dnift,
which is a characteristic feature during solar cycle
maximum periods [Anderson and Klobuchar, 1983],
1s pt ~.anly responsible for the increase in TEC at
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Fig. 8 Correfation cocflicients versus time of day for smuothed hourly values of TEC at Hala. hsrael. and
Athens. Greece, for seasonally representative months

Haifa between about 1600 and 2000 UT. Bottomside
/. F, observations indicate that the “equatonal
anomaly” (i.e., low values of critical frequency at the
magnetic equator compared 1o those at latitudes ap-
proximatcly 15°-20° away from the magnctic equa-

TABLE 1. Corretation Coefficient of TEC Values (und
Variabihities From Monthly Means) for Different Time
Intervals for Seasonally Representative Months

Month (1980)
Time Peniod, UT April June October Devember
0000 - 0400 04! 0133 03 040
014y (020 {0 18) i04Y)
0000- 2400 084 076 08R 089
(0 49) (0.49) sy s
1600 22 0386 066 084 094
046) (048) (0 36) 10 46)
'y" N .' \.r u \ -_ ~ A \.f_.' U

tor). dunng sunspot maximum, may extend to 40°
magnetsic dip angle 1in the Asian sector [Rav and
Malthatra, 1964] Further, the anomaly 1s most pro-
nounced from about 2000 to 2200 local time 1n the
northern latitudes Bottomside and topside sound-
ings of the equatonal anomaly [Rush et af, 1969}
along the 75°W longitude indicate that during solar
maximum the maximum development of the anoma-
ly occurs at ~ 2000 LT during winter and the cquin-
oxcs and at ~ 1700 LT in summer Duning years of
decliming sofar activity the maximum development of
the anomaly shifis to 1300 1500 LT

The behavior of the THFC at Haifa vis-a-vis the
postsunset increase or 1ty absence thus complements
/. Fy data of the development of the equatonal
anomaly 1n terms of tts latitudinal extent and season-
al and solar phase development structure The ab-
sence of the postsunset ronospheric structure  at

(2
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Athens, a relatively close location to Haifa, indicates
that density peaks may be relatively narrow in extent
with resulting strong spatial density gradieats.

The ratio of the standard deviation of TEC about
its monthly mean to TEC appears independent of
scason and of geographic location, and during day-
umc it is always below ~25%. This daytime ratio is
similar to the ratios obscrved at other temperate and
high latitudes [Soicher and Gorman, 1981).

The relatively high day-to-day variability of TEC
during nighttime appears 0 contribute to the low
correlation between the Haifa and Athens TEC at
that ume interval. The correlation coefficient in-
creases steeply with time during the buildup phase of
the TEC This is indicative that production through
photoionization is the dominant process and affects
the TEC increases at both locations in a similar
manner. The subsequent decline of the correlation
coeflicient s indicative of the local processes which
affect the TEC structure and its variability differently
at the two locales.

The authors wish to thank Z. Houminer
and A Shuval, Isracl Commitice lor Space Reseatch, Haifa, isracel.
under whose guidance the Haifa data were taken, and the per-
wonnel from the US Air Force Air Weather Service Detachment 3
ol the 2nd Weather Wing for the data from Athens
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Signals from the Global Positioning System (GPS) satellites can be used 10 make measurements of
absolute ionospheric group delay and relative phase advance. These 10nosphenic parameters have wide
application in providing corrections for military sysiems requiring knowledge of ionospheric time delay
and phase scintillation, such as satellite detection radars. Multipath effects from the local environment
of the receiving antenna can cause severe contamination of ionospheric group delay measurements
made with GPS pscudorandom noise receivers. Mceasured variations in the multipath effects in some
typical clean and reflective envirc s are pr: d and shown to be consistent with signal analysis
for pscudorandom noise receivers. Measured single reflector multipath 1s analyzed bnefly and shown to
correlate well with calculations. Since antennas must frequently be located 1n environments that are
much less than ideal, data analysis procedures were developed for minimizing the impact of multipath
on the group delay measurement. These include low-pass filtering, day-to-day correlanion, and calibra-
tion to relative differential carner phase advance measurements by using subsets of the absolute
onosphenic group delay data. Results of these processes as apphied to the test data from vanous

3

‘ad ‘el

Multipath effects on the determination of absolute ionospheric time delay from GPS signals

(%

multipath environments are presented.

INTRODUCTION

Signals from the Global Positioning System (GPS)
satellites can be used to make measurements of abso-
lutc ionospheric group delay and relative carrier
phase advance as well as amplitude at 1.2 and 1.6
GHz. These ionospheric parameters have wide appli-
cations in providing corrections for military systems
requiring knowledge of ionospheric time delay and
phase and amplitude scintillation, such as satellite
tracking radars and space-based surveillance systems.

The lonospheric Effects Branch of the Air Force
Geophysics Laboratory (AFGL) has equipped a GPS
receiver to make continuous measurements of abso-
lute tonospheric group delay, ionospheric phase scin-
tillation, and amplitude scintillation in high-latitude
regions. This equipment has recently been operated

Copynight 1985 by the American Geophysical Union
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at Thule, Greenland, on a joint campaign in conjunc-
tion with the AFGL Airborne lonospheric Observa-
tory.

In the development of this equipment severe con-
tamination of group delay measurements with multi-
path effects from the local environment of the receiv-
ing antenna was noted. These effects would not be
critical in most navigation and geodetic applications
where multipath effects can be averaged out either by
the motion of the receiving system or by relatively
long-time averaging. Precise mcasurements of iono-
spheric paramcters, however, require these multipath
cflccts to be drastically reduced. 1deal antenna siting
environments, antennas with low gain near the hor-
izon, and well-placed absorbing material can all con-
tribute to reducing these effects. Many field appli-
cations, however, have less than optimal sites to
locate GPS antcnnas, and RF absorbers may be im-
practical in extreme environments. Thus we investi-
gated techniques for mitigating the effects of multi-
path in different environments.
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Fig | Measured variations in multipath effects on GPS signals in some typical reflective and clean environments,

showing day-to-day correlation. (Each day’s observation is approximately 70 min )

MULTIPATH FFFECTS ON GPS MEASUREMENTS

Multipath-induced pseudorange (range to satellite
mcasurcd by modulation dclay) crrors, delta range
(ime ratc of change of pseudorange) crrors, and
signal strength fading for GPS have been analyzed
and empirically tested during the concept validation
phase of GPS performance testing. This work was
done by General Dynamics [1979] for the GPS Joint
Program Office. Their report indicates that: (1)
mufitipath can cause both increases and decreases in
delay; (2) theoretical maximum delay error is 50 ns
when the refiected/direct signal ratio is | (3) because
of the coded pulse nature of the signal, GPS precise
code receivers can discriminate against multipath sig-
nals delayed by more than 150 ns; (4) typical delay
errors show sinusoidal oscillations of periods 6-10
min and magnitudes of 3 ns or less (at L., 1.6 GHz,
this is ~6 x 10'® el/m? along the ray path, or 6 total
clectron content (TEC) units); (5) GPS multipath

crrors in group delay correlate highly (r = 70%); and
{6) special antenna designs can reduce the effects of
multipath.

Our initial measurements of absolute group delay
were made using an antenna designed to view satel-
lites to the horizon: this antenna has its phase cen-
ters for the two GPS frequencics (L, at 1.575 and (.,

TABLE 1. Charactenstics of Mcasured Group Delay Errors
Due to Multipath

Group Delay Errors

Environment Penod Amplitude
Highly reflective 1-9 min up to 15 TEC units
Qlean 3 S min up 10 S TEC unus

Small ground Plane
Clean none none

Large ground plane
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Fig. 2. Single lrequency carrier phase error and signal amplitude effects due to mulupath

at 1.228 GHz) separated by about 11 cm. This an-
tenna was located on the AFGL roof, a very non-
ideal environment since there are many small an-
tennas, vents and other reflective objects within the
GPS antenna field of view. The absolute group delay
measurements {rom this configuration showed ex-
tremely high multipath contamination as mentioned
above.

To reduce the multipath, an antenna designed for
geodetic measurements was used. This antenna has
greatly reduced response near the horizon: —5 dB at
20° above the horizon, —10 dB at 10°, and — 15 dB
at 5°. The phase centers are colocated at the center of
crossed dipoles above a 3-fool-square ground plane.
Multipath errors were reduced by using this antenna
but were still unacceptably high.

MULTIPATH MEASUREMENTS
IN VARIED ENVIRONMENTS

It was decided to make absolute group delay
measurcments in different environments to determine
how well the multipath-induced group delay errors
could be eliminated by antenna siting. The GPS re-
ceiving equipment was installed in a trailer near a
large flat field, and group delay measurements were
made with the antenna in three different environ-
ments. (1) highly reflective: the antenna was located
about 30 feet from trailers and a chain-link fence,
(this environment is similar to the AFGL roof envi-
ronment in terms of angular size of the reflecting

objects); (2) clean-small ground planc: the antenna
was located approximately 90 fect from the ncarest
reflective object, and was placed atop a 6-foot high
wooden box, limiting the reflective ground planc to 3
feet square; (3) clean-large ground plane: the antenna
was at the same location as environment 2 but on the
ground. Figure 1 shows unfiltered absolute group
delay measurements made in these three environ-
ments. Each plot shows two consecutive days’
measurements over approximately | hour of GPS SV
8's orbit. The coverage runs from approximately 20°
elevation at 200° azimuth to 50° elevation at 215°
azimuth.

The group delay errors due to multipath measured
in these environments are clearly sinusoidal and ex-
hibit the characteristics tabulated in Table 1.

MULTIPATH ANALYSIS

Signal strength variation and carrier phase error
analysis

Consider our received signal to consist of the
direct signal and one reflected signal. where

Vp directly received signal voltage:

Vy reflected signal voltage, from a single reflector. near
normal incidence;

R resultant carner signal voltage,

0 phase difference between the directly received and re-
flected ray;
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Fig. 3. GPS single frequency group delay error due to mullipath versus differential time delay, for reflected-10-
direct signal ratio of 0.11 at 1226 MHz. (Lower time axis for envelope, upper for sinusoid.)

x  phase difference between ¥, and R, or the carrier
phase error due to multipath.

As the satellite motion slowly changes the geometry
of the received signals, 8 will vary continuously
through many cycles with a a period of between 3
and 12 min for a stationary observer, General Dynam-
ics [1979]. Since a typical GPS satellite pass we are
considering occupies 3-5 hours, we assume Vp/Vp1s
constant over a few cycles of (. 1t follows that the
maximum carrier phase error, 1, .0ccurs when

0 =cos ' 1=V Vp 1}]
K follows from (1) that for a given
VaiVp = un )
max fade = 20 log,o(Vp — Va)'Vp
= 20 log,oll — sin 2,) (3)
max cnhancement = 20 log,, (V, + V)V,
=20log,o (1 + 3in 2,) (4)

The maximum fade and cnhancement, V,/V,. and
the maximum vanation in signal strength (fade plus
enhancement) are plotted in Figure 2. This figure 1s
most easily read by selecuing a value for V,/Vy, in
decibels, and then finding the corresponding maxi-
mum single frequency carrnier phase crror, x,,. from
the direct/reflected signal curve Then the corre-
sponding values for max fade, enhancement and

signal strength variation may be read opposite this
value of x,, .

The above analysis applies to a single frequency.
For the differential case, assuming V,,/V, is the same
for both frequencies, x, will be the same. However,
the instantaneous value for 6 and its rate of change
will differ for cach frequency. Thus there will occur
times when one carner has a phase error of +x,.
while the other carrier has a phase error of —a,,.
Therefore the maximum differential carrier phase
crror for a given value of V,/V, will be twice the
maximum single frequency carrier phase error, or 2
: 0

Group delay errcr analysis

The error in group delay caused by mulupath for
an carly/late gate pseudo noise (PN) code tracking
loop of the type used in our GPS receiver 1s given by
the root 4 of the early/late gate error function [Gener-
al Dynamics, 1979):

D) = [R(a + 4, — R(# —~ 4,)] cos (- 02)
+ W[RG + 5, — 8_) — R(A = &, + 8)] cos (O — 02
-0 (S)

where

i WR(i — 8, ) sin 0,
NS =1an’’ (6)
R{4) + WR(A — 8,) cos

2
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R(2) is PN code cross correlation function

Ri2)= 1 -(+yYT) 21T T =PN chip time
Riz/)=0 {2|>T
and

2 group delay error:
re catly/late delay (= 1/2 PN chip = 30 ns);
¥ reflccted-to-direct signal voltage ratio;
(_, multipath signal carricr phase relative to direct ray;
A_ diffcrential time delay between the reflected and direct
ray

As an example, group delay error is plotted versus
.. for one specific case of ¥ == 0.11 in Figure 3. The
envelope in this figure shows that for differential
delays greater than 150 ns the receiver can discrimi-
nate against multipath, while the expanded scale
curve in this figure shows the approximate sinusoidal
form of the group delay error. The value of ¥ = 0.11
corrcsponds to a maximum variation in signal

strength of approximately +2 dB, from (2), (3), and
1 (4). The maximum single frequency group delay error
of 5.5 ns shown in Figure 3 would yield a maximum
error in ionospheric total electron content measure-
ment of approximately 10 x 10'® el/m?. For differ-
ential measurements, this maximum value would be
doubled.

TEST WITH FLAT REFLECTOR

To verify that we were indeed observing environ-
mental multipath a brief test was conducted using a
single 60-in.-widc vertical reflector installed 32 in.
north of the antenna phasc center along an cast-west
avis The antenna was on the ground, in the “clean™

REFLECTED
Ray 10 SV

REFLECTOR

ANTENNA

IMAGE ANTENNA -

b 3 Geometry of antenng with verucal plane reflector
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TABLE 2. Averaging Period Required to Reduce Variation
Caused by Multipath in TEC Mecasurements (Mcan = 40 Units,
Typical) to Less Than 5%

Averaging Period,

Environment min
Refllective 2125
Clean on 6-ft box 15-25
Clean N A

environment, in the exact spot where essentially no
multipath had been observed. For a single refiector,
where V,,, V. R and 0 arc defined as above, if
f = carnier lrequency (Hz)

and

t A1) = delay of reflected signal (vanes as satellite moves)
then

0 = 2nfrd1)
and
R =11+ 2AVy/Ve) cos 121, + |V, /Ve) 2] (7

Figure 4 [after Greenspan et-al., 1982] shows the
reflection geometry, where

n,., clevation angle of the space vehicle;

¢,, azimuth of the space vehicle;
u azimuth of vector normal to reflector, toward an-
tenna;
EINTIE N TR

m perpendicular distance from antenna to reflector.
Then the delay of the reflected signal is
8

tdt) = 2m'c cos 2 cos n,,

Substituting (8) into (7) and assuming Vg/Vp =1
allows us to determine the values of the product
cos x cos n,, for which R will be at a null. From the
satellite orbit parameters the times of these nulls at
cach frequency were determined. The calculated nulls
correspond closely to the observed nulls.

PROCEDURES FOR MINIMIZING MULTIPATH
EFFECTS ON GROUP DELAY MEASUREMENTS

Low-pass filteriny

Low-pass filtering was applied to the measure-
ments shown in Figure | te determine fiow well the
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Fig 5. Group delay power specira showing day-to-day corre-
lahon of multipath spectrum (Dolted hines bracket mulupath ef-

fects, mulupath s less significant in left section )
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multipath eflects couid be minimized. Table 2 shows
the results of an approximate statistical test using a
ruaning mean.

Table 2 indicates that low-pass filtering to remove
multipath may be useful in a relatively clean environ-
ment, but in a highly reflective environment even the
slow changes of a quict ionosphere would be affected
over the filtering interval required.

Thus low-pass filtering to remove multipath eflects
appears to be useful only if a nearly ideal nonreflec-
tive environment can be obtained for the GPS an-
tenna, or if changes in group delay occurring over
periods less than 20 min are nnt of interest, or if it is
known by independent simultancous measurements
that the ionosphere is very quict.

Matched filtering

Since low-pass filtering would only be eflective if
the power spectra of multipath and i1onospheric
changes do not overlap, it may be possible to isolate
the power spectrum of the multipath atsclf, for a lim-
ited data sample, and match a filter 1o that spectrum.
To isolate the power spectrum of the multipath 1t 1s
possible to use the fact that the mulupath is highly

Tl £005x10' el/m?

23110"ei/m?
20 re 30{ )
. - —':"—IBQ.I 10'®
T£14 Ox Q'€ el/m? ei/m?
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Fig 6  Mulupath cffects on jonospheric measurements
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Fig. 7. Simultancous phase advance and group delay measurements, Thule, Greenland, Feb 4, 19%4

correlated on consecutive days. If a day where a dis-  advance channel over the entire pass. A good abso-
turbed ionosphere is observed is bracketed by quiet lute value of group delay usually can be obtained by
days the multipath spectrum may be isolated. This, averaging or filtcring over a sufficient fength of time,
in fact, occurred during the rccent Thule campaign generally 5-30 min, to remove the cflects of the
where multipath of period of about | min was ob- multipath. If multiple values of group delay. correct-
served. Figure 5 shows the power spectra (method ed for any mulupath effects, can bec obtained
from Radoski et al. [1975]) for | disturbed and 2 throughout the usual I- to S-hour pass of an individ-
quiet days. The multipath is around 2 x 10" ? Hz. ual GPS satellite, a "least squares™ fit of the entire
relative carrier phase advance data set can be made
1o thesc filtered absolute valucs of group delay
The analysis above indicates that the maximum
carrier phase errur s directly related to the ratio of
The group delay measurements presented here are  the voltages of the reflected and direct signals (equa-
obtained from the difference in range to the GPS tion (2)). For a “worst casc™ V,/V, of 3dB (¢ = 0.5).
satcllite as derived from the rclative arrival times of the maximum differential carnier phasc error s
the clock pulses on cach carrier. x  +90° (Figure 2), which corresponds (o
Relative ionospheric delay changes can also be ob-  +0.58 x 10'® el/m? if mcasured at 1228 MHz. This
tained by integrating the phase advance experienced “worst case” is 2 orders of magnitude smaller than
on each carrier and subtracting the results for the typical differential group delay errors duc to mulu-
two carricrs to remove the cffects of satellite geo- path. For example. for a maximum variation in
metric doppler shift. single frequency signal strength of 2 dB duc to multi-
Jorgensen [1978] discusses these measurements path, the maximum differential carrier phase error is
and points out that the group declay measurements only +14° (Figure 2). or less than +0.09 x 10'®
may be used to obtain absolute delay values to refer-  el/m?. The carrier phase fluctuations due to receiver
ence the relative delay values from the carrier phase noise with the typical nearly ommdirectional GPS
advance measurements. Thus it 1s only really neces- receiving antenna and a 16 Hz recewving bandwidth
sary to obtain onc good absolute value of delay per are only shightly less than this. Thus reasonable
satellite pass to calibrate the differential carrier phase multipath levels are barcly detectable 1n the phase

Calibration of phase advance measurements
using group delay data
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Fig. 8. Absolute 1onospheric slant electron content denved from unfolded and referenced phase advance
measurements, Thule. Greenland, Feb 4, 1984, (Local azimuth/el for satellites plotied at lower nght. center = 90

clevanion. outer circle = 0 elevation )

advance records. On the other hand, this same 2-dB
maximum variation in signal strength, corresponding
to ¥ =0.11, would yield a maximum differential
group delay error of +5.5 ns or +31 x 10'® el/m? as
in Figure 3. This example corresponds well with the
measurements presented in Figure 6. which shows
multipath effects observed with the antenna located
on the AFGL roof, where there are many vents and
other sourccs of reflections.

_As an illustration of the use of the phase advance
mcasurcments, Figure 7 shows about cighty minutes
of simultaneous group dclay and phase advance data
from Thule. The first half of the group delay data
shows multipath with amplitude of 7 TEC units and
period approximaitely one minute. The latter hall of
the group delay data shows little or no multipath as
the satellite rose to higher elevation angles. The
phase advance data reveals a very disturbed iono-
sphere, no multipath, and a general downward trend
in TEC from 1355 to 1455 UT, followed by a 10-min
period where the ionosphere i1s very quiet, between
1510 and 1520 UT. A very good value of absolute
TEC may be obtained by averaging 3-5 min of
group delay data during the 1510-1520 UT interval,
where there 1s no discernable multipath. This good

absolute TEC value may then be used to reference
the steady, quiet relative TEC level observed simulta-
necously on the phase advance channel. The lower
plot on Figure 8 shows the resulting referenced and
unfolded phase advance data.

The same procedure applied to the preceding satel-
lite pass resulted in the upper plot on Figure 8. It s
noteworthy that this figure shows a 3-hour highly
disturbed period, bordered by very quiet periods
having nearly the same steady state absolute slant
TEC. (Both passes had maximum elevation angles of
about 75°)

Thus a continuous measure of absolute iono-
spheric delay can be determined, free from most
multipath effects, if accurate measurements of abso-
lute delay can be obtained from group delay
measurements using low pass or matched Afilters.
These points of absolute delay can then be used to
reference continuous relative delay measurements ob-
tained vusing the phase advance technique.

It is also possible to calibrate a relative iono-
spheric group delay mecasurement made by carrier
phase advance by performing a least squares fit (o a
1-2 hour sample of unfiltered absolute ionospheric
group delay measurements. This should work well,
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since the multipath on the group delay measurement
is nearly sinusoidal (Figure 3) and would average out
over the data sample.

CONCLUSIONS

Multipath cffects on absolute group delay
measurements can be very serious to stationary uscrs
who require high precision. These effects, however,
can be significantly reduced by a combination of an-
tenna design and siting, data processing, day-to-day
correlation, and fitting of data to simultaneous
“phase advance™ measurements.
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A new category of equatonal F region plasma irregulanities charactenized by nearly sinusordal
waveforms in the 1on number density N, observed by the Atmosphere Explorer satellites has recently
been discussed by Valladares e1 ol (1983 and Cragin et al. (198S). We present mulusatelhite
scintillation observations made at Huancayo. Peru. and spaced-receiver drift measurements made at
Ancon, Peru. associated with such irregulantics observed by AE-E on a few nights in December 1979.
Utilizing ray paths to various geostationary satellites, it is found that the irregularities grow and decay
almost simultancously in long-lived patches extending at least t000 km 1n the E-W direction. The
scintillations continue for a period of aimost 6 hours, at a level that varies from moderate to fairly
mtease 1S, = 0.1-0 B a3 250 MH2), and these S, fluciuations are quite well correlated, even over a
distance of 1000 km  The irregulanities constituting the large patch are found o dnft eastward at a
velocity of approximately 140 mvs. This and other such events are accompanied by the frequency
spread signatures on Huancayo ronograms. as previously reported. The umique feature of the Founer
spectra assocrated with such bottomside sinusoidal (BSS) irregulanties 1s the presence of Fresnel
oscillations. which allow a determination of the vetocity of the diffraction pattern perpendicular 1o the
direction of the ray from the satelhic to the ground station. The velocity so determined agrees well with
the results of simulianeously performed spaced receiwver dnft measurements. The presence of Fresnel
oscillations indicates that the BSS wrregulanties occur in a relatively thin laver However, while the
scintilation dala indicate a high-frequency roll-off with & speciral tndex of the order of -3 10 -4, the
In witu data tend to indicate that the index 1s of the order of - <10 -6 Modeling studies are necessary
1o resolve this difference

irregulanty amphitude ANJ/N, could be as large as several
tens of percent A relevant question is, how do these
irregulanties affect scintillations®

A morphological study of VHF scinullations and associ-
ated total electron content (TEC) depletions made at
Arcquipa, Peru. by DasGupta ef al. (1983] had aircady
pointed out certain charactensucs of the scintillation pattem
that were consistent with the bottomside sinusoidal (BSS)
wregulanty behavior For instance. they found that dunng
the December <olstice, a penod of maximum BSS occur-
rence according to Valladares et al [1983), TEC depletions
associated with bubble-type scintillations were at a minimum
and continuous scintilfation patches of a duration of $-6
hours were generally observed. This 1s in sharp contrast to
numerous patches of much shorter duration seen 1n conjunc-
non with TEC depienions dunng the equinoxes, when BSS

INTRODUCTION

A new category of equatonal F region plasma irreglan-
ties having properties which are quite different from ‘hose
associated with plasma bubbles {McClure er al . 1977) has
recently been discussed by Valludares et al [1983] and
Cragin et al. (1985]. Using primarily the low orbial inchna-
tion (19.76°) Atmosphere Explorer E (AE-E) data. they
determined that this type of irregulanty. which is character-
1zed by quasi-unusoidal fluctuations n the i1on number
density N,. can exist in long-lived patches extending up to
7000 km or more in the E-W direction, that they are a
bottomside phenomenon, and that they arc able to retain
their sinusoidal nature sometimes for a penod of at least 300

= min. The high-resolution retarding potential analyzer (RPA)
showed that the central wavelength of these quasi-sinusoids
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vanied from 300 m to } km and that their peak-to-peak
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occurrence was found by Valladares et al [1981] 10 be a
minimum  The object of this paper 15 to present the first
coordinated study of BSS irregulanties and therr signature
on scintillation specira observed near Huancayo. Peru. on
December 8 and 11, 1979 Observations made by multiple
geostationary satethtes in the VHF-UHF range whose
subionosphenc (400 kmiantersections span 1000 km n the
F W direction will be presented 1o elucidate the nature of
these BSS uregulanties and their effect on transionosphenc
propagation Further <paced recener measurements made
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Fig

Geometry of scinullation observations dunng the occurrence of bottomside sinusoidal irregulanties (BSS)

indicating the ground stations at Ancon (A} and Huancayo (H) and the intersections of the propagation paths to vanious
geostatonary satethites with the 1onosphenc height of 350 km The intersection points are labeled with the names of the
appropnate sateliite. Fleetsat (FLT), GOES 2. LES 8. and Mansat (MAR). followed by the station name

at Ancon. Peru, on December 9. 1979, will also be presented
to determine the dnft of these wregulanuies in the E-W
direchon While the anticorrelation of the vertical dnft with
the N waveforms in BSS rregulanties was discussed by
Valladares et al 11983) and Cragin et al [198%], our spaced-
receiver dnft measurements will provide the first esiimates
of the zonal motion of these iregutanties

REsL LTS

Magnetic tape recordings of santiflation data were made
at Huancave and Ancon in December 1979 1n support of a
ground based and aircraft, polar and equatonial. airglow and
scintdianon campaign conducted pnmarnly around Thule.
Greenland |Weber and Buchouw. 1981 and Ascension lsland
[Weber e a0l 1982 1983 Basu et ai 1983) While single
anienna measurements were being made at Huancayo using
four geostationary (of near geostationary) satethtes, namely .
starting trom the westeramost locanon LES 8 at 249 MHz
COES > at 137 MHz Fleetsat | at 244 MH; and Mansat |
at 257 and 1841 MH:  observanons usaing three spaced
ANIENNAY A ere heing Made al Ancon uning 4 single satelhte
Ficetsat | The intersecnions with the
WO hm altir,de of the paths from these
watetiites 1o the two ground s ations are shown an Figure |
We the HS~N and sontilanion data from
Huan.ave for December 8 and 1§ 1979 and the spaced
cecenner measurements from Ancon tor December 9 1979
rr tack has heen made umpler Wy Y ailadares er ai [ 1981
the paper the
fata from the wn dnft meter
JIASUang 27654 ather Brgures W and e
abtane.t duning the mght of December R and 'the correspond
ing Huancase onograme ither bigures tho and 16h) the
MER res uhion density and vertical veiosty data from by
IIRCT ke parameters
reiated

nameiy lower £

region ! ras

wil o hiscuse

wheon comprehencis e have <hown low

cesotubion wen number dencity

toe ta o arbars
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Charactensi, o
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Figure

e spelira af thewe vinusords over

large portions of both these orbits in their Figures 14 and 5.
We will have reason to discuss most of these diagrams in
association with our scimullation data and their speciral
analysis to be presented below.

To give an overview of the scintillation actuvity associated
with BSS on a typical night, we present 1in Figure 2 the
saintillations cbserved on December 8. 1979 (LT date 1s
December 7-8). using LES 8. Fleetsat 1, and Marnisat |, the
latier being observed at two frequencies simultaneously. We
note that the first discrete structure of the evening, of
approximately 1-hour duration at all the intersection posnts,
15 probably associated with bubble-type scinullations. Range
spread was observed at Huancayo from 1930 1o 2200 LT
(0030 to 000 UT) The only gigahertz scintillation event of
the night, associated with »>22-dB scintillation at 257 MHz.
o¢curred duning this penod but was generated at a point that
was & east of Huancayo (cf Figure 1). out of the field of
view of the Huancayo onosonde

The «cintillations we associate with BSS start somewhat
carhier than 0400 U'T and continue without a break for more
than & hours The GOES 2 satellite, transmitting at 137 MHz
with atsantersection pornt very close 1o that of LES 8, shows
completely saturated saintillauen throughout this penod.
which 1s not shown A study of the temporal behavior of the
sointillations <hows that the irregulanties seem to be gener-
ated simultancously over a very large region with E-W
dimensions of at least 1000 km Within this large irregulanty
patch the individual iiregulanties dnft from W to E| as we
shall chow  with the spaced receiver measurements from
Ancon  The wregulantics also seem to be quenched near-
uwmultaneousiy  These charactensitivs are very different
fr m bubhle type  saintillations  observed  earher  at
Huancave with ther imited durations and staggered onsels
on different ray paths [Busi et al 1978 19%0) Valladares et
a0 (19K ha e <hown the BAS cgnature on the low-resol-
shon on denuty plots notherr Figures 3d and 3e an the
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DECEMBER 8, 1979
HUANCAYO, PERU
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Fig 2 Terporal variation of scintillatons observed at
Muanzayo on hinks with three geostationary satellites on December
R 1979 duning the occurrence of BSS irregulanties. The arrows
‘abelzd S indicate for each satellite the central time of the penod for
whieh speciral analy wis 1s performed

risancavo longitude sector dunng this ime period. and the
wrespondir.g Huancayo ionograms for 2245 LT (December
et M LT i December 8) (thewr Figures 16a and 16b)

* . vut abtyde type frequency spread As a malter of
. s goene ., spread  was  observed in Huancayo
o« o - 0 [T shortiv after high sainuilation

cw e s v earaer study showed that frequency spread

e e cetgved 1o sontillations in the high VHE

‘- , caue we WM However dunng penods
. L arer he ambient dencty s large
W e . ospewar o he related to
.. W o found

C g e Pagare T omuyrs on
. C e e - e atun angle
. et ~rmadeghy
o e e

' - 0 . AR M

LS

arrows labeled S in the figure show for each satellite the
central time of the 6-min period for which the spectraf
analysis is presented.

The top, center, and bottom panels of Figure 3 show 6-min
samples of scintiliation data obtained at Huancayo from LES
8, Fleetsat, and Marisat, respectively, between 0328 and
0334 UT, and their corresponding spectra. The scintillation
data, acquired on FM analog tapes, were digitized at 36 Hz
and then decimated to 18 Hz. The spectra of the 6-min
samples were obtained via a fast Fourier transform (FFT)
algorithm. The spectral features displayed at frequencies
above 5 Hz were introduced by the tape recorder at
Huancayo and are not of icnospheric origin. Above approx-
imately 0.7-1 Hz the power spectral density (PSD) is near
the noise level and is nearly independent of frequency.
Between 0.1 and 0.7 Hz the spectra decay from their maxima
toward the noise level in approximately a linear fashion on
the log-log scale shown, indicating a power law vanation f”*
of PSD with frequency. We use p; to signify the spectral
index of scintillations in order to distinguish it from the
onc-dimensional in situ irregularity spectral index p,, to be
used later. The power law indices p; are determined from the

NUANCAYé

DEC. 8, 1979
B RELATIVE
- Ltén-8 POWER
o} 2e9mns s 032 20{ O0328UT p,<-3702¢0 s
o
-0 N
-10
-40
-20 -60
°) 120 240 360 1007 107 10° w0 wo?
TIME (sec) FREQUENCY (M)
RELATWE
® FLY POWER
. .- I3
o] 294mm $,°058 20] ©32BUT 5. c-3172016
(]
-20
-40
-60
o 120 240 360 ' 0" w0 100 T
TIME (vec) FREQUENCY (¥1}
RELATIVE
. MaRiSAT POWER
10 257 Wy $4°0 3 20 o328 UT u,--zenou
o/.\/\w
-20
- 40
261 - 60
. . . - - - - - - - o
; XY 80 W' oot 10® 0 w0t
T el e FREQUEMCY 103}
» s e tara segmenty ol saontitidnons associated

cegoa e and ner specttr The S, inden of saintilla
o che eyt A straight ne hetween
' Tt e e tagram

L A TAL I

hpin g

~ -




I

PR XA

BAsu EY AL.: BSS IRREGULARITIES AND SCINTILLATIONS m
). LB L4 A v v Ty v v v v v Ti§ ¢ ¥ AE E 227w
- . -
2 s SLOPED,=-337 | sima % 3.5
w "4 NI 9.87€ +04
z uTt 044930
o 3 m
<
e —
o ~6
w
®
o T —
o .
2
gl " " W0 U U U B S | i s (]
10 i LA I r Pl d
IRREGULARITY WAVELENGTH (km)
25 LN i \J T Y Y \J T ) T T T Y T v T

; - ' ! P1 « UP I
w p— -1 ¥
o 26.7 msec
> - &
s
6,’ —
s O —
< - +
w
g | ]
-
< b—
J
w 1
@ _25 — b A J__l A A A A LAL 'y A A 1 i e h A L i A A A

o 5 10 15 20

PATH LENGTH (&m)
Fig. 4. The bottom pancl shows the fluctuations of 1on density 1solid curvel from the RPA during ¢ 3.3 interval

siarting at 0449:30 UT on December 11, 1979, and the patch or vertical dnfi (curve with solid arcles) from the 1on dnift
meter. The top panel shows the FFT (crosses) and maximum entropy method (sohd hne) spectrum of 1on density
Auctuations. The percent irregularity amplitude (sigma). the bachground 10n density (N1 and the power law index
tslope) of the roll-off portion of the spectrum are indicated on the diagram  The satelite altitude was 840 km

siope of the best fitting straight hine in the frequency runge
0.1-0.7 Hz and are indicated on the spectral plots

The data shown in Figure 3 and all others oblained on this
evening have a systematic modulation supenimpaosed on the
linear roll-off portion of the spectra For the data of Figure 3
the minima are observed at f,. 2'7f,. 3'*f,. ctc . where /, =
0.125 Hz for LES 8. 0.157 Hz for Fleetsat, and 0.089 H: for
Mansat. Such ordered modulation. known as Fresne! oscil
lation. 15 expected in the Founer spectrum based on thin
screen weak scattenng theory when the diffraction pattern 4o
clongated. when it has a component of motion normal (o the
direction of elongation. and when the spatial spectrum of
electron density fluctuanions 1s sufficiently smooth [Single
ton, 1974]. Further, it has been shown that f, = V _iAA2)' ",
where A is the wavelength of scintiifation measurement. - 1y
the range of the observer to the irregulanty tayer. and v s
the irregulanty velocity normal to the oropagation path An
important point to note here s that i ¢ equatonal F region
the geometry needed for Fresnel m  lations always pre
vails, namely. the irregulariies are -ongated 1n the N S
direction and the resulting amsotrops  pattern dnifts in the
E-W direchion because of “superrotation’’ [Woodman
1972] These Fresnel oscillations are observed only occa
sionally 1n equatorial scintllation data, and when they are
abserved [Basu and Whitnev, 1983 Basu et ol 1983} they
usually are not seen as clearly as they are seen in the present
data. nor are they usually seen continuously for a period of
many hours This indicates that we are dealing with 4 much

thinner layer of irregulanities in the present (BSS) case We
have mentioncd carlier that the frequencies of Fresnel max
ima and minima depend on the range of the observer to the
wregulanty laycr Theretore for an cxtended layer the mas
ima and mimima of Fresnel oscdiations on the ground due )
the lowest and highest levels of the layer may be sufficiently
shifted with respect 1o une anothes 10 be 1otally smeared
From knowledge of the resoluton of two discrete
sources. we ostimate that for the propagation geometry
appropnate to the observations of the Fleetvar ateilite
complete smearing of Freanel oscllattons will occur of the
trrcgulanty laver thickness cxceeds 100 km around an aver
age tayer heipght of 450 km  Thus< the present scinnllation
measurements indicate that BSS irreguianties during thew
entire hifetime custan refatively thin layers while irregular
iics within plasma bubbles evenan thewr late phase usuatl,
cuistin much thickher Layers

our

A typical Vs sampic of high resolution in situ data ob
taned from AE F ortit 22700 on [December 111979 duning
"y passage through BSS arregulanines near the Huandavo
longitude sector 1v shown in the bottom panel of Figure
The of the amphitude of Jensily
SNN Gohd curver and the patch o vertical plasma dnift
The
after
The rms arregulare
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The refevant speciral analysis tevhmique
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HUANCAYO
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Fig 5 The spectrum of LES 8 scinillations observed at Huancayo on December 11, 1979, in the presence of BSS
irregulanties of the type shown in Figure 4. The power law index (p:) of the roll-off poriion of the spectrum s indicated
The scale above 1he frquency axis indicates the frequencies of the first seven Fresnel mimima

has been descnbed 1n many receant publications (Basw er al |
1980, 1983. Vulladares et al . 1983}. From the botiom panel
we note thal the irregulanty waveform looks for the most
part Quite smooth and sinusordal. as was also the case with
many samples shown by Valludares er ol [1983]

The one-dimensional spectrum shown in the top panel can
be approximated over the scaie length range of 800-100 m by
4 smooth power law variation of PSD with scale length
having a one dimensional power spectral index p, = -5.37
The spectrum obtained with the FFT algonthm (crosses in
the 1op panel of Figure 4) agrees weil with that oblained by
using the maximum entropy method (sobd curve) There s a
noticeable speciral enhancement near | km scale size and a
faii 10 PSD at scale lengths longer than | hm

The fall off in PSD at the long scale lengths 1y probably the
most signshcant difference hetween BSS spectra and that
abtained within bubbles [¢f Basu et al . 198 Figure 4d)
Figure S shows the spectrum of «aintilations observed on
249-MHz transmiussions from LES B satellite received ai
Huancayo in fairly close ume correspondence with the n
situ measurements discussed above The spectrum ~dicates
a power law vananon [ ' of PSD with frequency at
frequencies greater than 0 ) Hz Bul \he power spectrum of
sainbllabons ansung from BSS wrreguianiics having a large
power law index or having a Gaussian form s also expected
1o be Gaussian [Cronya. 1970, Singleton 1974) This dis
crepancy may be explained il we assume that the character
1sic scale of the Gaussian spectrum of BSS irregulantics
vanes with altitude The integrated eleciron density devia
tion may then have a power law form with a small power law
indev even though the spectrum at a given altitlude conlorms
1o a Gaussian form The second noniceable feature of the
scintillation spectrum s the exisience of distinct Fresnel
modulations In the spectrum of Figure S at least seven
Fresnel mimima at frequencies f, ' f.37, etc where /,

= 022 Hz. are discernible. as indicated by the scale above
the frequency axis

Since BSS irregulanuies were detected by the AE-E sat-
ellite at an altitude of 400 km, the slant range : of the
irregulanty layer for LES 8 satethite observations can be
computed as 588 km Since f; = V _/iA:)'”. the wregulanty
drift speed « normal to the propagation path can be denved
as V1 = I85mv/s The presence of distinct Fresnel mimima in
the scinullation spectrum up to the fifth order indicates that
the bulk of scintdlations arise from a rather concentrated
layer not exceeding S0 km On the other hand. in order to
obtain the shallow speciral wndex of the scintuillation spec
trum. an altitude distnbution of wregulanties with varying
Charactenstic scales 1s required

The honzontal motion of the individual irtegulanties
within the large BSS patch can be determined from spaced-
receiver sainnllabon measurements, as was done carlier for
bubble associated irtegulanties by Basu and Whitney [ 1981]
Figure 6 shows an approximately 90-min data segment
obtained at Ancon from Fleetsat on December 84, 1979
when measurements were made using three receiving sys-
tems spaced in the E W direction by separations of 122 m
between the west and central stations and 244 m between the
central and east stations An almost undorm apparent dnft
[Wernik eral 1983 of 140 m s ' from W to £ was seen al
both separations (compare top panel) The cross correlation
coefficients on the 244.-m separated channels were umiformly
high. exceeding 0 6 (compare second panclt The two bottom
panels show the 5, index and the speciral index of V min
sointllation samples When §, O 2 the spectral index 1y

1 Thus BSS rregulanties seem to participate 1n the

general mghtime zonal motion of F region nregulanties and
the spediral index of saintillabons caused by these irregular
iies v n general shallower than that indicated by in aitu
mecasurements
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ANCON AT DEC.9, 1979

VELOCITY
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Fig. 6. The temporal variation of the S, index of scintillation, the
power law index of scintillation spectrum, the cross-correlation
coefficient of spaced-receiver scintillation data, and the apparent
zonal drift observed at Ancon on December 9, 1979, during the
occurrence of BSS irregularities.

DiscussioN

The characteristic features of scintillations associated with
BSS are the near-simultaneous onset and decay of scintilla-
tions at widely spaced (in longitude) ray paths to geostation-
ary satellites, and the occurrence of continuous moderate to
fairly intense 250-MHz scintillations (S, values from 0.1 to
0.8) for a period of 5-6 hours. It is also found that frequency
spread is observed at such times on Huancayo ionograms.
Further, TEC and scintillation measurements made at the
nearby station of Arequipa, Peru, show that such long-lived
scintillation events with wide spatial coverage are not ac-
companied by any TEC depletions [DasGupta et al., 1983).
Thus all the above findings, which are distinct from bubble-
related events, clearly distinguish this class of scintillation.

As mentioned earlier, a further distinguishing feature is
that Fresnel oscillations are typically present in the fre-
quency spectrum of amplitude scintillation associated with
BSS This provides a tool for determining the drift velocity
of irregulanties in a direction perpendicular to the ray path,
even when spaced-receiver measurements are not available.
For instance. the drift velocity V_, given by V_/(A2)'? = f;,
corresponding to f; = 0.125 Hz in the top panel of Figure 3
for LES 8 (wavelength A = 1.2 m) measurements from
Huancayois 112 ms™' when we consider a slant range of 668
km, corresponding to an irtegulanity layer height of 450 km
and an ionospheric zenith angle of 45.5°. Considering the
propagation geometry and assuming no vertical velocity, the
denved Viw = 160 m s~ '. At the same time we found f, =

0.157 for Fleetsat measurements, correspondingto V, = 126
m s~'. The slant range in this case was 524 km, and the
ionospheric zenith angle was 27.8°. The derived Vgw = 142
m s~', which agrees well with that obtained from LES 8
observations. Unfortunately, this technique does not give
very reliable results when the ionospheric zenith angles are
very large, such as those for our measurements with Marisat
at a zenith angle of 62°. In discussing Figure S we had earlier
shown that the drift speed on December 11, 1979, was
somewhat higher, being of the order of 180 m s~'. However,
the zonal drift speed at F region heights shows considerable
day-to-day variation and such values are quite common
[Basu et al., 1986).

On the next day we have similar multisatellite amplitude
scintillation data from Huancayo plus spaced-receiver mea-
surements from Ancon. On this date the first Fresnel mini-
mum frequency was f; = 0.145 Hz (spectrum not shown),
which corresponds to V, = 116 m s™'. Considering the
geometry of observations, the derived Vew = 131 ms™". The
actual spaced-receiver measurements, on the other hand,
shown in Figure 6, yield a value of 140 m s, in very good
agreement with that derived on the basis of the Fresnel
minima.

The presence of Fresnel modulations in the scintillation
spectrum requires the major scintillation effect to be caused
by a concentrated layer of irregularities. On the other hand,
the apparent discrepancy between the Gaussian form of BSS
irregularities measured in situ and the small (-2 to -3)
power law index of the associated scintillation spectrum can
be explained if the irregularities are distnibuted over an
altitude interval having a vanation of the characteristic scale
size with altitude. Modeling of the temporal structure of
scintillations caused by BSS irregulanties, as was done by
Franke and Liu [1983]) for bubble-type irregularities. is
necessary to derive correct estimates of the irregularity layer
thickness and the appropriate vanation of the characteristic
scale size. Such efforts may also resolve whether the per-
sistent absence of gigahertz scintillations in the case of BSS
irregulanities is due to their Gaussian power spectrum having
low PSD at short spatial wavelengths or a generally reduced
level of integrated electron density deviation caused by the
small irregularity layer thickness.
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The Condor Equatorial Spread F Campaign:
Overview and Results of the Large-Scale Measurements '

M. C. KeLLEY,! J. LABELLE,! E. KuDex1,!? B. G. FEJER,! SA. Basu,** Su. Basu,® K. D. BAKER,® C. HANUISE,®
P. ARGO,” R. F. WooDMAN,® W. E. SWARTZ,! D. T. FARLEY,! AND J. W. MERIWETHER, Jr.®

S S

During the Condor campaign a number of instruments were set up in Peru to support the rocket
experiments. In this series of papers we report on the results of the experiments designed to study the
equatorial F region. In this overview paper we summarize the main results as well as report upon the
macroscopic developments of spread F as evidenced by data from backscatter radars, from scintillation
observations, and from digital ionosonde meaurements. In this latter regard. we argue here that at least
two factors other than the classical gravitational Rayleigh-Taylor plasma instability process must operate
to yield the longest-scale horizontal organization of spread F structures. The horizontal scale typical of
plume separation distances can be explained by invoking the effect of a shear in the plasma flow. !
although detailed comparison with theory seems 1o require shear frequencies a bit higher than observa-
tions indicate. On the other hand, the Jargest-scale organization or modulation of the scatiering layer
cannot be explained by the shear theory and must be due to local time variations in the ionospheric drift
or 1o gravity wave induced vertical motions. Using simultancous rockel and radar data, we were also
able to confirm the oft quoted hypothesis that rapid overhead height varations in the scattering region
over Jicamarca are primanly spatial structures advecting overhead. The detailed rocket-radar compan-
son verified several other earlier results and speculations, particularly those made n the PLUMEX
expeniments. In particular, companion papers discuss and extend some of the PLUMEX results 1o
include the role of anomalous diffusion (LaBelle ¢t al., this issue) in the theory of equatonal spread F and
to shed light upon the shallow spectral form often observed in the intermediate-scale regime (LaBelle and

The
Permpission for further re
the copyright owner.

U.5. Government |s authorized to reproduce and sell this report.

Kelley, this issue).

I. INTRODUCTION

Equatorial F region irregularities, also known as cquatorial
spread F or ESF, have been studied extensively over the last
few decades with a variety of expernimental techniques includ-
ing radars, scintillations, radio sounders, in situ rocket and
satellite detectors, and a number of theoretical methods.
Recent reviews of the topic include those by Fejer and Kelley
[1980]. Ossakow (1981), Kelley and McClure (1981}, Kelley
[1985). and Basu and Basu [1985).

As a part of project Condor a vanety of instruments were
clustered together near the magnetic equator to perform coor-
dinated measurements of the same spread F events simulta-
neously. The idea behind the “cluster technique™ is to learn
more from a set of simultaneous measurements than can be
learned from the individual cxperniments operated indepen-
dently The instruments used, along with their locations and
operating institutions, are hsted in Table | The locatons are

' School of Elecincal Engaineenng. Cornell University, {thaca. New
York

? Now at Depariment of Electrical Engineenng, University of -
nois, Urbana

’ Emmanuel College, Boston, Massachusetts

¢ Now at Air Foroe Geophysics Laboratory, Hanscom Aur Force
Base, Massachusetts.

* Center for Atmosphenc and Space Saiences, Utah State Univer-
sity, Logan

¢ Laboratoire de Sondages Electromagnéuques de I'Environnement
Terrestre, University of Toulon, France

’ Los Alamos Nauonal Laboratory, Los Alamos, New Mexico

¢ Instituto Geofisico del Peru, Lima.

* Space Physics Research Laboratory, University of Michigan, Ann
Arbor

Copynght 1986 by the Amencan Geophysical Union

Paper number SA8723
0148-0227/86/005A-8723305.00
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also indicated on the map in Figure 1 Two Terrner-Malemute
rockets instrumenicd with electric field, plasma density, and
energetic particle detectors were launched from the Punta
Lobos Rocket Range (I in Figure 1) in the approximately
southward and southwestward trajectories indicated in Figure
I The Jicamarca Radio Observatory (JRO), located to the
north of the rocket range (2), provided continuous monitoring
of 3-meter (3-m) F region irregularities with backscatter power
and interferometric dnft velocity measurements at an oper-
ation frequency of SO MH7 At Ancon (3) a 14-MHz HF radar
was operated to monitor the evolution of 10-m density irregu-
larines Scintillations and spaced receiver dnift measurements
were also conducted at the same Jocahion using several satel-
lite transmissions Analog and digital 10nosonde neasure-
ments were conducted at the Huancayo station (4) (where
VHF and UHF sanullation measurements were aiso per-
formed), whie Fabry-Perot measurements of neutral winds
were made at Arequipa (just south of the region shown n
Figure 1) The rocket project was a joint undertaking by the
National Acronautics and Space Administration of the United
States and the Comussion Nacional de Investigacion y Desar-
rollo Aerospacial (CONIDA) of Peru, and the JRO operations
were a yoint eflort by the Instituto Geofisico del Peru and the
National Science Foundation of the United States A number
of other results from Condor dealing with the equatonal elec-
troget. the cntical velocity effect, middle atmospheric elec-
trodynamic, clc ., are published elsewhere

The cquatorial spread F aspects of the Condor project form
part of a series of similar projects, which utilized simultaneous
rocket and radar probing of the disturbed equatonal F region
wnosphere The series began on 1972 in India [ Balsley et al ,
1972] and was followed by campaigns 1n Braal [Kelley et ul .
1976). Peru {Morse et al, 1977), Kwajalein [Szuszczemics et
al, 1980), and India (S Prakash, personal communication,
1983) Dunng this same interval, great theoretical advances
have occurred, particularly with respect to computer simula-
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TABLE (. Instrumentation Used During Project Condor, With the
Locations and Opersting Institutions
Instrumentation Location Institution(s)

Two Terrier-Malemute Punta Lobos NASA, CONIDA,

rocket-borae payloads Rocket Commell University,
Range Utah State University,
University of lilinois
50-MHz radar Jicamarca lastituto Geofisico
del Peru,
Comnell Universuy
National Science
Foundation
14-MHz radar Ancon University of Toulon
VHF and UHF scinullation Ancon Air Force Geophysical
VHF spaced receiver system Laboratory
Dipital 1onosonde Huancayo Los Alamos Nauonai
Laboratory
Fabry-Perot Arequipa Umiversity of Michigan
interfcrometet
lorogram records Huancayo Instituto Geofisico

and magnciomeler del Peru

von of ESF The rocket experiments mentioned above solidi-
fied the \mportance of the generalized Rayleigh-Taylor insta-
bility as the basic theoretical construct about which to under-
stand cquatornial spread F In addition, the resuits of the latter
campaign. which has often been referred to as the PLUMEX
cxpeniments (Plume Expeniments. actually PLUMEX | and
PLUMEX 11 since there were two rockets launched), brought
to hght some imporiant new aspects of the ESF problem
which were not included 1n the computer simulations For
caample. Kelley et ul (1982a) and Kelley [1982) interpreted
the clecine ficdd and density fluctuation spectra in the transy
tronal wavclength (<200 m) range as duc 10 a dnft wave
modc This important result was supporied by a similar detec
tor on the same rocket [Singh and S:us:czewic:, 1984) but
not, prior to Condor, wn an independent geophysical event
Similarly. the PLUMEX data indicated that a density fluctu-
ation spectral form may exist wn the intermediate wavelength
range which s quite different from that predicied by simula
nons (Rino et af . 1988 Nelley er al . 1982h] Part of the
purpose of the Condor ESF eaperiments was to verify and
understand these important results and their imphcauon for
ESF 1theory As we shall see. this was accomplished. and new
insights were obtained concerming the cruaal role played by
anemafous diffusion n determining the nonhnear saturation
of £SE (LaBelle et af . this 1ssue] and concerming the posuble
ongins of the surptising shallow spectral form (lLaBelie and
Kelleyv. this issue)

The doraled results of the Condor coordinated b regron
experiments are reporie”’ in the series of papers published 1n
this 1ssue In this paper we present an overview of the expen
mental results and in addition report on some new aspects of
the large-scale organization of plasma dunng ESE which are
based primanly upon the radar backscalter maps made durning
the course of the rocket launch operation We also summarize
some of the matn conclusions of the set of experiments

2 Darta PRESENTATION
21 Backscatier Maps and Santiliation Measuremenis
on Nights Without Rocket Launches

Real.ume measurements at the hcamarca Radio Observa
tory of backscattered power [rom Y.m F region irregulanities
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played a crucial role in the rocket launch decisions of the
Condor spread F campaign. In such measurements the re-
ceived backscattered power is proportional to the square of
the amphitude of the ficld-aligned density irregularities which
have wave vectors in the direction of the radar line of sight.
The Jicamarca radar beam is pointed almost vertically, about
3° north of the on-axis position, to achieve perpendicularity to
the geomagnetic field at F region altitudes [see Woodman,
1970]. Power maps similar in essence to those published else-
where in the literature (e.g., Woodman and LalHoz, 1976] were
generated in real time to monitor the spread F activity level
during the campaign. When rocket launch decisions were
taken, the radar operation was switched to the more versatile
radar interferometer mode capable of measuring the power
spectra of the radar echoes as well as the east-west drnift veloc-
ty of the scattening centers [ Kudeki er al., 19811 In this section
we present Jicamarca data obtained on nights with no rocket
launches. The interferometer mode was not used on these
nights, and the data presentation 1s hmited to the power maps
shown in Figures 2a-2¢

The upper panel in each figure 1s the radar map, while the
lower panel is a plot of the scintillation index (§/) expressed in
decibel excursions [Whitney et al., 1969) at a frequency of
1.694 gigaheriz (GHz) The latter data were obtained at Ancon
using the GOES 5 satellite 1ransmissions with an onospheric
mtersection point at 300 km altitude only 30 km west of the
Jicamarca beam This distance 1s equivalent to only }-5 min
of time difference between the corresponding structures caus-
ing scintillation and radar backscatter when the eastward
wonospheric dnift 1s 1aken into account The relationship be-
tween S/ and the commonly used S, index as obtained by
Whitney {1974] 1 given in the Figure 2a caption At such high
frequencies the santilfations conform to weak scatter theories,
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Jicamarca Radio Observatory
March 1, 1983

-
E v = infinity
= 10° 10°
® v=85 m/s
©
2
= _ r s —
< e i ._._.;“" , |
‘h‘?’\': - Upleg
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21:47 22:07 22:27 10”10
Local Time

Fig. 3b. Expanded version of the Jicamarca radar power map with the rocket trajectory superposed. The inset at right
illustrates the relative electron density profile obtained from a rocket-borne Langmuir probe. The densities listed assume a
constant relationship between coliected current and density equal to the value found near apogee on the second flight.

and a linear relationship holds between the S, index and the
irrcgularity strength or electron density deviation (AN). At 1.7
GHaz, scintillations are caused by irrcgularities in the range
35-350 m in dimension. We should thercfore not expect a
one-to-one relationship between 50-MHz backscatter, which is
caused by 3-m irregularities, and the 1.7-GHz forward scatter.

In vicwing the Jicamarca power maps it is important (o
remember that they provide v.rtical images or slices of the
instartancous overhead scattering structures which are then
plotted as a function of time. A rigid scattering pattern drifting
overhead with a constant velocity weuld be faithfully repro-
duced in these plots, and in this case the map can be con-
sidered as a view of the ionosphere looking southward. As
pointed out by Woodman and LaHo: [1976], however, the
techmique is much hke the slit cameras used in racing events
which distort an simage if it changes in time as it drifts by. In
the description we try (o remind the reader of this by using the
words “apparent” to describe the motion of the scattering
layer. Power maps display the echo power received by the
hcamarca radar, as functions of time and altitude, using a
logarithmic gray scale coding. For each day 1 power level of 0
dB on :hese maps roughly corresponds 1o 3% of the estimated
sky noise. There was no attempt made to maintain a umform
output power from day to day, but the scales differ by only
+6dB.

The power maps of Figure 2 are representative of common
types of spread F events observed at Jicamarca. In these plots
the tick marks adicate 1067 min (six ticks corresponding 10

NP . o AT T BF B R T I A e I I S R R
o PRI IT ST 3 I AL NN I PR 20 S AL A I e

64 min). Throughout the discussion below, reference will be
made to the local time at the 75° meridian—the time indicated
in the plots. On March 4, 1983, a thin (10 km) scattering layer
developed at about 2020 LT (Figure 2a). The position of the
scattering layer was moving upward at an apparent velocity of
about 2.5 m/s but never attained a height greater than 300 km.
At “apogee™ the layer broadened very slightly to a tinckness of
about 15 km. As the scattering layer descended, its thickness
decreased. The structured echoing region near {00 km 1s due
to 3-m irregularnities excited by the equatorial electrojet insta-
bilities. Notice that there are three gaps in the clectrojet
cchoes at 2105, 2133, and 2141 LT when the F layer is hover-
ing near its highest point. Furthermore, close inspection shows
that the E layer scattering heights shift in altitude across the
gaps as predicted by the linear electrojet theory when the
zonal electric field changes sign [Fejer et al, 1975). This fea-
ture is fairly common, and the interpretation is that the £
layer instabilihes cease temporariiy when the zonal electric
field component passes through zero. Thus, even though the
upward “motion” of the scattering layer 1s not a definitive
measure of the actual vertical dnft, the data are internally
consistent with a pure bottomside F layer instability com-
mencing whale the F layer 1s nsing and continuing virtually
unchanged when the vertical dnift reverses. The temporal be-
havior of the scattering height 1s also consistent with the well-
estabhished ime dependence of the vertical dnft veloaity which
creates a corresponding local ime dependence of the 1ono-
spheric height As the earth rotates under this local time de-
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pendent leature, the ionosphere will seem to rise and then fall
to a vertically looking radar. No detectable level of scintil-
lation occurred at 1.7 GHz

The March 5 night, illustrated in Figure 2b, was consider-
ably more active than the previous example. The echoing layer
started its development at an altitude higher than that on
March 4. Just at and after “apogee™ the layer broadened con-
siderably, but no extended plumes developed, and the layer
height decreased very quickly. The layes height then started 1o
increase again, reaching 330 km before starting its final de-
crease for this evening. Notice that three distinct scattering
patches developed in the second descending phase of the iono-
spheric oscillation and that the height oscillations were nearly
sinusoidal in form. The characteristic gap in E region struc-
ture discussed above occurred only in conjunction with the
second apogee, although the 100-km scattering layer became
slightly more narrow in conjunction with the first apparent
flow reversal. (When gaps occur in both the E and F region
traces, they are due to a data loss.) The variations in altitude
displayed on this night are much more rapid than those ex-
pected from the local time dependent zonal electric field effect
described above. A number of weak 3-m scattering patches
remained for a long time, including one between 500 and 600
km. The scintillation behavior on this night was very unusual
we return to this point after discussing the March 6 event.

On March 6 (Figure 2¢) a spectacular plume event occurred
over Jicamarca. The layered echoes commenced at 350 km
altitude, considerably higher than on March 4 By 2010 LT
the scattering layer was extended in altitude and displayed a
bifurcated form. The height of the scattering layer increased
abruptly at about 2025 LT, and shortly thereafter, a large
plume event commenced which extended at times to more
than 1000 km altitude. It is important to note that the highest-
altitude scatterers were detected even before the plume feature
was seen overhead between 400 and 600 km, and that three
distinct miniplumes developed as the scattering layer descend-
ed. In this classic example of Murphy's law, a power failure
occurred at the rocket range between 2025 and 2100 LT, pre-
cluding any rocket launch on this night.

At first glance, the scintillation data seem well correlated
with the radar observations. A burst of strong gigahertz scin-
tillation accompanied the bifurcation at 2010. This was fol-
lowed by a long-lived event commencing at 2017 and lasting
throughout the major plume event. The VHF santllation
index remained saturated during this event. At 2222 the scin-
tillation level again rose dramatically, however, this time ac-
companied only by very weak patches of 3-m backscatter. One
of these patches was centered at 360 km, even though the
bottomside of the F layer was barely higher than 200 km at
that time. The scintillauon is nearly as strong as that associ-
ated with the plume itsell and 1s more typical of previously
published postmidnight events [Basu et al., 1978]. Clearly the
~300-m structures are sull very large in amplitude even
though the 3-m waves have virtually disappeared.

Returning to the scintillation data on March 5, we note that
the scintillation index reached values well above thoss associ-
ated with the major plume event on March 6 but were assoc:-
ated with only faint traces of 3-m backscatter These patchy
traces of 3-m backscatter were extended 1n alutude Thus the
pattern of santillaton data observed on March S resembies
that observed late in the evening on March 6 It 1s possible
that the first backscatter structure of the March 5 eveming,
characterized by an absence of scinullations, may have
evolved directly over Jicamarca and drifted castward so that 1t

was not intercepted by the propagation path to the satellite.
Similar events were discussed by Aarons et ol [1980]

2.2. Data Obtained on March 1-2, 1983

The backscatter power and scintillation data obtained on
the evening of March 1-2, 1983, are presented in Figure la
This was the first night dunng which all the necessary radar
analysis and display programs were functional, and some last
minute testing led to the data gaps in the plot. The rectangu-
lar mottled area centered at about 2155 corresponds to the
period when the radar was operated in the interferometer
mode. In this mode the whole antenna array 1s used for trans-
mission, but the backscattered signal 1s received independently
by both the casi and west quarters of the array, whose phase
centers are separated by about 203 m. The phase difference
between the simultancous samples from these two quarters 1s
related to the angular position of any localized scattering cen-
ters inside the common scattening volume. The east-west dnft
velocity of these localized scatterers 1s denved from the tempo-
ral changes of the measured positions [sce Kudek: et al., 1981,
Fejer et al, 1985]. Since vast amounts of raw data must be
recorded for off-line processing, a smaller alutude range was
sampled in the interferometer mode than i1n the power map
modes before and after

The figure shows an initial plume event centered at 2040
which followed a rapid apparent nse of the scatiening layer
and was preceded by high-altitude scatterers by some 10 min
Although the data gap creates some ambiguity, it appears that
the layer descended and then began to rise once again at
about 2120 LT, creating the second plume event into which
the rocket was fired. The lower trace shows the results of
simultancous L band (1694 MHz) scintillation measurements
performed at Ancon. Using the eastward F region dnft speed
measured by two independent methods (described below) for
this night, the separation distance between these two measure-
ments corresponds to only 3-5 min of local time difference
The data gaps are somewhat of a problem, but there again
seems to be a good correlation between the S/ index and the
3-m backscatter power. In particular, the thickness of the 3-m
scattering patch and the magnitude of S7 seem 1o be very well
correlated. The backscatter map displays several “miniplumes™
which extend like fingers potnting toward later local times (or
pointing westward, if the features of these maps are considered
frozen in the eastward drifting plasma). These features are
similar to the secondary plumes detected with the Altair radar

Figure 3b is an expanded version of the power map n
Figure 3a and includes the rocket trajectory, which is plotted
in two ways. The *V = infinity” parabola is plotted as though
the radar and rocket observations were simultaneous in local
time as well as in universal time. However, since the rocket
traveled magnetically west of the radar while the 1onosphere
was drifting eastward, the rocket data at a certain time should
be compared with the radar data a short time later, the exact
vme delay depending on the time it takes the ionospheric
plasma to dnft from the rocket’s location to the longitude of
hcamarca [Morse et al., 1977]. The second parabola includes
the F region 1onosphernic dnift of about 85 m/s as measured by
the interferometer techniques during the shaded time period
Since the rocket trajectory aiso had a significant component
magnetically southward, such a comparnson rehes upon the
field-aligned nature of large-scale F region structures Tsunoda
[1981) has used the steerable incoherent scatter Altair radar
to show that large-scale (~ 50 km) features indeed do map

along the magnetic field hines for large distances Auglow data
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Fig. 4 Companison between the relative clectron density profile
obtained from the rocket-borne probe and the relative backscatter
power measured with the Jicamarca radar, which is seasitive to 3-m
iwrregulanties

at conjugate off-equatonal latitud ~s also show this mapping
quite clearly { Mendillo and T yler, 1983).

The night-hand panel of Figure 3b displays electron current
profiles detected by a fixed-bias Langmuir probe which are
approximately proportional to the electron density. During
the upleg of the rocket flight the steep upward gradient in
plasma density and the associated irregularities observed at
the bottomside of the F region coincide extremely well with
the band of 3-m turbulence observed by the radar and first
encountered by the rocket at 445 km altitude. On the downleg
the lower edge as observed by the rocket-borne probe was
nealy 40 km lower in altitude than on the upleg. This is in
good agrecement with the radar observations, which show that
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the layer height was decreasing over Jicamarca during this
time. The small discrepancy between the downleg rocket data
and the radar data can be explained quantitatively by the
change in altitude of the ficld line which maps from the
rocket’s position to the latitude of Jicamarca. These data show
conclusively that the bottom side of the F layer was higher
over Jicamarca than at the rocket when it passed through the
bottomside on the downleg This implies that (1) a strong
westward gradient in plasma density must exist and (2) for
rapid height variations such as these the interpretation of the
Jicamarca map in terms of a quasi-rigid motion of the scatter-
ing regions is valid at least for the bottomside.

In the topside the in situ probe detected several large re-
gions of depleted electron density, along with associated
smaller-scale irregularities. The amplitude of the depletions is
about 50%, and their vertical size is in the range of 20-50 km.
On the downleg, depletions of nearly identical properties were
detected. On both downleg and upleg these depletions corre-
spond onec-to-onc with the westward tilted miniplumes seen
on the radar power map. Figure 4 illustrates more clearly this
correlation between the depletions encountered by the rocket
and the mimiplumes in the radar backscatter power map. Only
the downleg Langmuir probe data are plotted, and the alti-
tude of the radar backscatter power has been adjusted in
order to make a comparison more accurate, since the rocket
moves magnetically south, intersecting field lines which map
to higher altitudes at the equator above Jicamarca, as noted
above. In Figurc 4 an excellent correlation is observed be-
tween the radar backscatter power and those regions of
upward directed density gradients detected by the rocket, as
well as with the intermediate-scale fluctuations apparent to
the eye in the rocket data.

Zonal plasma dnft data are plotted in Figure 5 for both this
day and the March 14-15 event discussed below. These veloci-
ty profiles were obtained using the Jicamarca radar interfer-
ometer procedure described by Kudeki et al. [1981]. Interfer-
ometer observations were made for about 15 min on each
night, corresponding to the shaded regions in Figures 3a and
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Fig. 7. Radar backscatier power measured with the 14-MHz radar at Ancon.

8a, but velocity measurements are only possible during
periods and at heights where discrete scatterers are present. As
a result, velocity estimates could not be made over the entire
scattering region; velocities are plotted in Figure 5 only at
altitudes for which discrete scatterers were present during at
least 2 min of the 15-min interval, and in cach case, the
average value of drift velocity over the 15-min interval is plot-
ted. The observed velocities are vanable in time and height.
On the night of March 1, 1983, the velocity in the region of
the strongest echoes was about 90 m/s. A vertical shear in the
zonal Aow with mean value of 6 x 10™* s ™! is indicated since
the flow increases from about 60 m/s at 420 km to over 120
m/s at 520 km.

Drift measurements were also made using the spaced receiv-
er scintillation technique which is sensitive to subkilometer
irregularities. These measurements were made at 244 MHz
with a short (123 m) and a fong (246 m) baseline (Basu and
Whitney, 1983]. The temporal variations of the apparent ve-
locities during March 1 and March 14 are shown in Figure 6.
The spaced receiver scintillation drifts are in fairly good agree-
ment with the interferometer drifts on March | but are some-
what larger than the corresponding Jicamarca measurements
made on March 14.

We turn now to HF backscatter measurements made at
Ancon. A range-time-intensity plot of the echoes reccived at
14 MHgz, corresponding to a backscatter wavelength of 10 m,
is presented in Figure 7. In this experiment the antenna was
directed upward, but because of the wide beam, echoes were
obtained from angles +30° from vertical. It seems that the
strongest HF scatter originates from the bottomside spread F
at a slant range of about 550 km. This scatter corresponds to
the strong echoes received at Jicamarca at around the same
alutude. However, note that the shortest range at which
14-MHz echoes were received is somewhat longer than the
lowest-altitude 3-m echoes observed by J: .-marca; this is
probably an indication of the relative sen: ity of the two
radars. The extension of the 14-MHz echoes to over 1000 km
in range is duc to oblique returns. Representative spectra at a
fixed range (500 km) (not shown) are very narrow and display
sequences of Doppler shifts which changed from negative to
positive over the 1-hour period 2145-2245 LT. Because of the

antenna beam width, this variation is most probably due to
the horizontal motion of scatterers across the beam (the radar
measures the radial line-of-sight velocity). If the scatterers
which produce these spectra originate approximately from the
same altitude as the strongest backscatter observed by Jica-
marca, then the variation of the Doppler spectra as a function
of time indicates an average drift velocity of about 100 m/s.
This value agrees well with the interferometer and spaced
receiver drift measurements. No digital ionosonde data were
available on this night.

2.3. Data Obiained on March 14-15. 1983

Composite data presentations for the night of March 14-15
are given in Figures 8a and 8b. In this case, the clectron
density profile displayed in the inset of Figure 8b was ob-
tained from two different rocket-borne instruments. An RF
probe determined the absolute electron density by locking
onto the local upper hybrid frequency in the plasma when the
plasma density exceeded about 10°> cm ™2 [Baker et al., 1969,
1985]). At lower densities the data profile was extended using
the relative density measurement from the fixed-bias Lang-
muir probe, normalized to match the value of absolute density
measured by the RF probe at 350 km.

The morphofogy of the March 14 cvent in many ways re-
sembles the March | data set. The major difference is the
altitude of the event. For example, the bottomside and F peak
heights were more than 100 km lower on March 14-15. Once
again, the steep upward gradient in plasma density and the
associated irregularities observed at the bottomside of the F
region coincide with the band of 3-m turbulence observed by
the radar and encountered by the rocket between 290 and 340
km. A density depletion just below the F peak corresponds to
the patch of 3-m irregularities at 360 km altitude. The scintil-
lation index S/ correlates well with the thickness o the back-
scatter region, although it commenced carlier than did the
VHF scatter.

In the topside the in situ probe detected a distinct region of
depleted electron density above 410 km altitude on the upleg.
A nearly identical feature was observed on the downleg at a
higher altitude. However, turning to the backscatter power
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Fig. 8a. The top panel displays the Jicamarca S0-MHz backscatter power map recorded the night of March 14, 1983,

The solid hine indicates the altitude A

e 35 Measured from the ionosonde at Huancayo. The bottom panel shows the

scintillation index at 1694 MHz observed at Ancon during the same time period.

map, within the range of sensitivity of the Jicamarca radar, no
3-m irregularities are seen during the portions of the rocket
trajectory described above; that is, the “bubble™ observed by
the rocket during both upleg and downleg apparently was
invisible to the radar by the time it was overhead. However, at
an earlier Jocal time (2133 LT), Jicama.ca did detect a west-
ward tilted miniplume which, if extended, would intercept the
rocket trajectory at about the right places. Furthermore, if we
identify the upleg depletion with its downleg twin, observed $
min later in local time and 40 km higher in altitude, there is a
remarkable similarity to the March | data.

Interferometer driflt data for this night were presented car-
her in Figure 5 (upper trace). The observed drift again exhibits
a strong vertical shear (8 x 107* s~ '), increasing from near
100 m/s 1o about 180 m/s over a 100-km height range. The
comparison in Figure 6 shows that on both nights (March 1
and March 14), spaced-recciver drifts are higher than those
measured by the interferometer. This seems to be a general

feature of the spaced receiver technique. In addition, the inter-
ferometer drift measurements indicate that the zonal plasma
drift velocity can change significantly with height and time.
The spaced-receiver drifts, on the other hand, yield infor-
mation on the region with the largest electron density fluctu-
ations. This intercomparison is discussed in more detail in a
companion paper [Basu et al., this issue].

Figure 9 shows two spectra of the intermediate-scale density
irregularities measured by the Utah State absolute density
probe. The upper panel corresponds to turbulence in the top-
side well above the F peak, while the lower panel corresponds
to the intense turbulence just above the peak in F region
density. Comparison of the two spectra reveals a remarkable
feature in the lower-altitude March 14 spectrum: the inter-
mediate range of wavelengths is characterized by two distinct
subranges, with a break in the spectrum near 1 km. The por-
tion of the spectrum consisting of wavelengths smaller than
about | km displays a k" form with spectral index n > 2.5,
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Jicamarca Radio Observatory
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Fig. 8b. Expanded version of the Jicamarca radar power map with the rocket trajectory superposed. The inset at right
shows the clectron density profile obtained from the plasma frequency probe and extended using the Langmuir probe.

while for wavelengths longer than about 1 km the spectrum
exhibits a smaller spectral index. This feature has been ob-
served previously in in situ rocket spectra [Rino er al, 1981],
and there is some evidence for such a variation in the spectral
index of satellite-measured spectra [Livingston et al., 1981;
Basu et al., 1983]. The generation of enhanced turbulence near
and above the kilometer scale in spread F and in scintillation
spectra is examined in detail in a companion paper [LaBelle
and Kelley, this issue]. This height region corresponds to one
which had very broad VHF spectral signatures (wide Doppler
spectra), which also suggests a very turbulent medium.

Data from the digital ionosonde located at Huancayo are
included in Figure 8a, in which the altitude of the bottom of
the F layer (h,,,) over Huancayo has been superposed upon
the Jicamarca backscatter map. Early in the evening the F
layer is higher at Huancayo, with the roles reversing around
2030 LT. This is also the time when the 3-m scattering layer
over JRO stalls in its slow upward drift. Notice that the brief
increase in the irregularity layer thickness and the gap in E
region irregularities occur at the same time as the reversal.
The apparent drift observed by Jicamarca is consistent with a
typical vertical drift morphology [Fejer et al., 1979}, in which
the plasma moves upward at all local times before 2030 (on
this night) and downward after this time. The ionospheric tilt
associated with this morphology would have the Huancayo
layer above the Jicamarca layer before 2030 and vice versa
afterward, as observed. However, the apparent tilt is much
more pronounced than the small longitude difference would
imply, as discussed in detail in a companion paper [Argo and
Kelley, this issue]. The abrupt uplift after 2100 is nearly simul-
taneous at both sites, suggesting that the associated eastward
electric field extended over both Huancayo and Jicamarca.

3. DiscussioN OF THE LARGE-SCALE RESULTS

3.1.  Implications for the Large-Scale Development
of Equatorial Spread F

Interpretation of the Jicamarca radar backscatter map often
uses the assumption that the relatively thin echoing regions
correspond to the structured bottomside of the layer [eg..
Kelley e1 al., 1981). This important hypothesis is upheld in
great detail by the combined rocket and radar data obtained
during the upleg of both Condor rocket flights, as well as
during the equatorial ionosphere (Equion) experiment [AMorse
et al., 1977]. For example, the echoing layer is more than 100
km higher on March 14, as are the bottomside gradient and
the F peak deduced from the rocket data.

Using this relatively firm assumption, we note immediately
that widespread equatorial spread F develops only when the
layer is high. For example, in Figure 2a the height of the
echoing layer never exceeds 300 km and never exceeds 10 km
in vertical extent. The layer secems to be rising when echoes
first appear, and the backscatter signal continues virtually un-
changed as the layer reverses, dying out as the echo height
slowly comes down again. Conversely, the initial position of
the structured F layer is highest on March 1, the night with
the most sustained 3-m backscatter activity. This requirement
has been noted previously [e.g. Farley et al., 1970). Plume
development is also well correlated with layer height. Kelley et
al. [1981] noted a distinct tendency for plumes to form either
at layer “apogee™ or when it secems to be descending. This 1s
also upheld in detail by the present data set. The major
plumes on March i, 6, and 14 are all of the apogee type. Even
in the relatively quiet 3-m backscatter observed on the evening
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Fig. 9. Two examples of the spectrum of density fluctuations de-
tected by the second Condor spread F rocket (March 14, 1983). The

1op panel corresponds to an altitude of 457 km, and the bottom panel
corresponds 10 an altitude of 390 km.

of March S, a plume seemed to almost develop at 2010 LT
when the layer reached its peak altitude. A very similar “necar-
plume™ feature was seen at 2030 LT on March 14. This result
is very strong evidence for the importance of the gravitational
term in the gencralized Rayleigh-Taylor (GRT) instability
[Keliey et al., 1981] as the major controlling influence on
equatorial spread F, since the growth rate is inversely pro-
portional to the ion-neutral collision frequency (v,,). Using a
local value for v,,, the growth rate due to a purely gravi-
tationally driven process is given as a function of height ap-
proximately by the expression

¥, = 0.09 exp [(h — 300)/50) min~'

in which we have assumed a vertical gradient scale length of
20 km and a ncutral scale height of 50 km. This implies that
the e-folding time for irregularity growth decreases from 11 to
4 min between 300 and 350 km. Of course, a feature as exten-
sive as a plume cannot grow from thermal noise in a few
e-folding times, so seed structure must be present at much
larger scales than 3 m in the bottomside region as it drifts
upward. Indeed, the rocket data reported by Kelley et al.
(1976] and Costa and Kelley [1978) showed well-developed
bottomside 1- to 4-km structures (én/n = 30%) in just such
conditions, e.g. F peak at 300 km, slow 10-m/s uplift deter-
mined by barium cloud drifts, and weak 3-m structures which
seemed to erupt into a plume a few minutes later.

The other terms in the GRT process, which involve electric
fields and neutral winds as sources of free energy, do not
depend upon the collision frequency and hence are not alti-
tude dependent. These terms are not negligible, and the pres-
ent data set confirms and extends several conclusions of
Kelley et al. {1981] in this regard. First, we note the tendency
for two types of ionospheric uplift. On March S (Figure 2c).
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three gentle wavelike undulations of the F layer are apparent.
This is to be constrasted with the sharp uplifts at 2145 LT on
March | (Figure 3a), at 2050 LT on March 6, and at 2128 LT
on March 14. The first and third of these three examples
followed a cycle of gentle wavelike undulations with the plume
and associated rapid uplift seceming to feed upon the more
gentle uplift. We first discuss the origin and effects of “gentle”
undulations, returning to the other class in section 3.2.

Although data gaps confuse the issue somewhal, the March
1 data (Figure 3a) display as many as four wavelike oscil-
lations, two of which are punctuated by apogee plumes. The
apparent descending phase of such oscillations is often
characterized by the development of several isolated plumes.
It takes some imagination to see this on March I, but on
March 6 (Figure 2b), three such “postapogee”™ plumes occur.
Even on the relatively quiet night of March S (Figure 2c) the
sccond undulation has three separate regions in which the
scattering layer broadens briefly, which are centered at 2145,
2154, and 2203 LT. In the spectacular event studied by Kelley
et al. [1981], also, two plumes developed on the “descending
phase™ of both of two extreme oscillations (> 300 km ampli-
tude) recorded on March 21, 1979. Both of these major undu-
lations had large apogee plumes.

The rocket data show definitely that ionospheric tilts can be
significant and that the hypothesized tilt suggested by Kelley
er al. {1981] is indeed the correct one when the scattering
layer scems to rapidly descend over Jicamarca. The iono-
spheric onentation during such an event is such that the
plasma density gradient has a westward component. The tyvpi-
cal zonal wind direction for this local time sector is eastward
[Sipler and Biondi et al.. 1978 Meriwether et al.. this issue].
Since the magnitude of the zonal wind component v must be
larger than the eastward plasma drift velocity it generates by
the F region dynamo effect, the vertical electric field in the
neutral frame, E' = E. + uB, must be upward. This further
implies that E" x B has a component paraliel to the westward
zonal plasma density gradient mentioned above. This is a lin-
carly unstable condition. The horizontal density gradient scale
length can be estimated from the rocket data to be 14 km. For
E’'/B = 100 m/s this yields an exponcntial growth time of 2.3
min, which s very fast.

There are presently two competing theoretical explanations
for the organization of equatorial spread F at the largest
scales, gravity wave seeding, and velocity shear instabilities.
By large scale we mean /4 » L, the vertical density gradient
scalc length. Kelley er al. [1981) argued that the quasi-
sinusotdal undulations were due to gravity wave sceding as
described by Klostermeyer [1978). Once seeded, such struc-
tures may then be ampiified preferentiaily by a plasma insta-
bility process. In the other view, large-scale undulations are -
driven directly by a velocity shear instability. The advantage
of the latter process over a Rayleigh-Taylor instability is that
the growth rate peaks at 4 > L for the velocity shear insta-
bility whereas the opposite inequality holds for the Rayleigh-
Taylor mode.

To investigate this further, we first study the spacing be-
tween multiple plumes such as those detected on March 6,
1983, while the scattering layer height is decreasing over Jica-
marca. The usual assumption is that the spacing can be esti-
mated by using a mean eastward plasma veloaty V; = 150
m/s and then converting the time At between events in terms
ol a distance L via L = VA1 To test this methodology, we
can use the scanning Altair radar on Kwajalein, for which
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Fig. 10. The Jicamarca backscatier power map from the night of March 6, 1983, showing three prominent plume
structures which erupt from the bottomside spread F as the scattering layer decends. Superposed are the relative positions
of three similar structures observed using a scanning radar [ Tsunoda, 1983).

there is not an ambiguous relationship between time and
space, and compare the separation of multiple plumes mea-
sured there to the separations deduced from the Jicamarca
data. To make this comparison, we have taken a scanning
radar plot from Figure 2b of Tsunoda [1983], reversed it east-
west, and plotted the position of his three multiple plumes
over the March 6 event in Figure 10. As noted above, we
assumed an eastward drift of 150 m/s to convert time to space
in the Jacamarca plot. Notice that under this assumption the
spacing of the Altair plumes is nearly identical to that regis-
tered by the Jicamarca radar.

We now use this method to investigate what seems to be a
characteristic spacing between such plumes. From the March
1, 5. and 6 data we have determined four sets of spacings in
time and converted them to spatial units (assuming a 150-m/s
eastward velocity). Four more plume spacings were estimated
from the data published by Kelley et al. [1981], and two more
actual spacings determined from the work by Tsunoda {1983)]
discussed in the previous paragraph. The spacings d range
from 91 to 206 km with a mean value of 150 km. In terms of
the normalized wave number k = 2nL/d, where L is the zero-
order bottomside density gradient taken to be 20 km, these
spacings correspond to the range k = 0.6-1.38 with an average
of k = 0.84.

Guzdar et al. (1982) and Satyanarayana et al. (1984) have
studied the generalized Rayleigh-Taylor process, including the
effect on the growth rate of a vertical shear in the eastward
plasma drift velocity. Although such a shear lowers the growth
rate, it also moves the most unstable waves from a normalized
k ~ 10 to values in the range 0.5-2, which is much more con-
sistent with the spacings reported here. We thus might con-

clude that the shear is important in determining the outer
horizontal scale of equatonial spread F. However, using the
theory of Satyanarayana et al. [1984] and assuming that the
wavelength of the maximum linear growth rate corresponds to
the observed spacings, the range of k found above corresponds
to plasma shears (dV,/dx) in the range 2.6 x 107210 6 x 107°
s~ !. These shears are about 10 times the values indicated by
Figure 5, as well as by other radar-based shear measurements
(Kudeki et al., 1981 ; Tsunoda et al., 1981].

One possible way out of this dilemma is to conjecture that
the shear is higher in a localized region within the plasma
gradient than indicated by the radar data, say 100 m/s over a
10-km bottomside height range. Neutral wind shears of this
magnitude have been reported (Bhavsar et al., 1965]. Another
possibility is that the dominant horizontal wave number in the
fully developed process is smaller than the wave number of
maximum growth. This might imply an inverse cascade of
energy to larger scales in this two-dimensionally turbulent
medium. A less exotic explanation is that although the growth
rate is lower at small k, the initial amplitude was higher and
the longer-wavelength waves saturated earlier.

In summary, the present analysis supports the notion that
velocity shear plays a role in determining the plume spacings
which occur in the range &k = 1. However, it should be noted
that to reach this conclusion, very high shears must be in-
voked. To push the shear explanation to even longer wave-
lengths, and hence to explain the “gentle undulations™ of the F
layer, does not seem at all realistic. We thus fall back upon the
conclusions of Kelley et al. [1981] as well as Rétrger [1973],
Klostermeyer [1978], and many others, that gravity waves and
their associated electric fields must orgamize the plasma at
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scales of 2200 km. This arca is also discussed in some detail
in the companion paper by Argo and Kelley [this issue].

32, Wedges or Bubbles?

It was originally conjectured that the plasma depletions as-
sociated with equatorial spread F may cither pinch off, form-
ing bubbles of low-density plasma, or be wedges linked to the
botlomside by a region of low density {Woodman and LaHoz,
1976). The radar structure linking the plume head to the bot-
tomside, in the pinch model, was then due to a turbulent wake
(Woodman and laHoz, 1976; Kelley and Ott, 1978). Recent
experimental evidence (Mendillo and T yler, 1983; Tsunoda et
al., 1982), theoretical caiculations based on satellite data
(Hanson and Bamgboye, 1984), and computer simulations by
Zalesak et al. [ 1982] support the wedge concept.

Returning to Figure 3b comparison of the highest-altitude
depletions on the two rocket profile shows that the downleg
depletion was encountered well above the corresponding
upleg event. This seems (o imply that the depletion was lo-
cated at a higher altitude west of Jicamarca. The radar data
confirm this hypothesis. In Figure 3b an arrow points out a
“miniplume” of 3-m echoes which intersects the parabola la-
beled ¥V = 85 m/s at the same height as the uppermost deple-
tion in the rocket plasma density profile. Aithough this echo-
ing region was decaying in power with time over Jicamarca,
the patch can also be seen (o intersect the rocket parabola
during its downleg at the height of the uppermost depletion in
the rocket profile.

It would be remarkable indeed if a rocket penetrated two
pinched-ofl bubbles along its trajectory, even allowing for
magne'ic field alignment (a cylindrical bubble). However, a
fully developed wedge. tilted toward the west and also field
aligned, would be quite easy to penctrate on upleg and down-
leg. Since both of the Condor rockets penetrated such struc-
tures during both upleg and downleg, and because a nearly
identical double penetration was observed during the
PLUMEX I flight. the rocket data seem to support the wedge
model

We return now to the common cusplike leature associated
with many of the JRO plumes. The straightforward expla-
nation 1s that they correspond to wedges with strong scatter
along the walls. The low backscatter levels in the cavity of
thesc caps may be duc to the low plasma density in this
region, which has been drawn up from low aluitudes, rather
than a low turbulence level. (Radars respond to An’(k), not
(An(k)/n}?) The upliflt in such a cusp is far too rapid to be
generated by a pure gravity wave induced electric field since
such a field can be no greater than wB where w is the vertical
ncutral wind in the gravity wave and B the magnetic field.
This has been pointed out previously [Kelley er al. 1981] and
1s discussed by Argo and Kelley [this issuc]. The imphcation is
that the generalized Kayleigh-Taylor process must be invoked
to locally amplify the electric field associated with the seed
structure. In reference to the previous discussion, the scale size
for this amplification seems to be k < 1, implying that velocity
shear is an important factor

4 Summary or THE CONDOR FEQUATORIAL
SPREAD F RESULTS

The key results are summarized in order of their presenta-
tion in the present series of papers beginning with the present
paper.

Paper | (this paper) The combined rocket-radar data

have been used to show that during rapid decreases of the
scattering layer height over Jicamarca, the ionosphere is tilted
such that the region to the west is lower than the adjacent
region to the cast. Such a configuration is shown to have a
very high growth rate due to a wind-driven E x B instability
(y = 3 min~"). These results verily previous conjectures con-
cerning the tendency for multiple plumes to form in such a
configuration. The case is further made that a characteristic
scparation distance exists between such plumes, which have a
normalized & = k/2zL = 1, where L is the zero-order vertical
gradient scale length. This separation is consistent with a gen-
cralized Rayleigh-Taylor (or E x B) instability which includes
velocity shear. The magnitude of the required shear is larger
than existing observations suggest, but higher localized shears
may exist. The gentle undulations which have scales 5-6 times
larger almost certainly must correspond to gravity wave in-
duced effects. Further evidence that plumes are due to wedge-
like features is also presented.

Parer 2 (LaBelie and Kelley, this issue]. Further evidence
is presented to show that shallow spectral indices may at times
characterize the spectra! development in the intermediate-
scale regime. In this context we define shallow to be a power
law index of the form &k “* where n is less than 2 One reason
that this result is important is that, 1o date, no computer
simulation has yet yiclded a spectral index shallower than k™ 2.
Until this experimental result is reproduced, onc must
question what aspect of the physics has becn left out of the
simulations. Several sources for the spectral form are invest-
gated in paper 2. The nonlincar turbulence theory of Sudan
and Keskinen [1984] predicts a k> law which LaBclle and
Kelley show quantitatively fits the data reasonably well, pro-
vided that a large anomalous diffusion coefficient 1s used (see
also paper 3). The authors speculate that the turbulent cascade
and k~*?* law applics when the cxchange of energy between
large and small eddies, which 1s measured by the nonlincar
growth rate I, exceeds the energy inputl measured by the
linear growth rate ; The observed spectral forms even shal-
lower than &~ *3 are not explained by this argument In addi-
tion to the companson with nonhnear theory, LaBelle and
Kelley point out two other processes which might elevate the
relative power in the range near the I-km scale and hence
result in a shallower spectral slope at ‘ower k. One such mech.-
anism is an injection process due to wall turbulence driven by
steep horizontal gradients. They show an example of wall tur-
bulence which has a peak in [§mh)/n}? near | km The other
process 1s similar but appeals to a lowening of the growth rate
at k values above and below the 1.km scale hy F region
shorting of electric fields Near | km the formation of images
maintains the growth rate at a relatively high value

Paper 3 [LaBelle ct al. this 1ssue). The resuit based on
PLUMEX data [Kelley et al | 1982a; Singh and Szuszczewic:,
1984] that density fluctuation spectra display a very steep
power law (k" *) for wavelengths less than 100 m was venlied
n both Condor flights The fact that the E*(k) spectrum mea-
sured simultancously varies as A > was also venfied and.
taken together, strongly venfies the conjecture [Kelley, 1982)
that dnft waves, or at least some similar process involving
fimte k. play an essennial role in the evolution of equatonal
spread F Building upon this venitication, LaBelle ¢t al <how
quantitatively that anomalous diffusion should occur because
of the observed dnft wave turbulence The diffusion coefMcient
calculated fts the values needed to explain the balance of
growth versus decayv in the <aturated turbulence spectra ob
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served in the Condor experiments. Typical values of the
anomalous diffusion coeflicient are in the range 200-500 m?/s,
which is 2 orders of magnitude higher than the collisional
value. It is of interest to note that the same calculations ap-
plied to bottomside spread F and to low-altitude barium
cloud power spectra reveal that the collisional diffusion coef-
ficient is adequate to explain the results in such conditions.
The implication is that an altitude (collision frequency?)
threshold exists for onset of the anomalous diffusion effect.
Curiously, the critical scale for onset of the steep spectral form
becomes larger as the turbulence strength increases. This is
opposite to what happens in neutral gas turbulence and may
be related to the fact that the diffusion coeflicient in a plasma
process is k dependent.

Paper 4 [Basu et al., this issue). Radar backscatter at 50
MHz, rocket, and VHF/GHz scintillation measurements of
spread F irregularities at the magnetic equator in Peru were
made during the Project Condor campaign in March 1983. It
was found that the radar backscatter with extended plumes
occurs, in association with the maximum values of 1.7-GHz
scintillations. This established that the height-integrated elec-
tron density deviation of 200-m scale irregularities causing
1.7-GHz scintillations maximizes in extended 3-m plume
structures. The magnitude of 1.7-GHz santillations recorded
at high clevation angles (~ 76°) near the magnetic equator did
not exceed a value of S, = 0.2 (4 dB) in contrast to the near-
saturated 1.5-GHz scintillations routinely observed at Ascen-
ston Island near the crests of the equatorial anomaly of F,
ionization. The observed scintillation magnitudes at 1.7 GHz
have, however, been found to be compatible with the ambient
F region and the irregularity parameters measured by the
rockets. The spectra’ index n of scintillations was found to be
shallow (n ~ 3) on March {, 1983, when the F region was
high, while the index was steep (n ~ 5) on March 14, 1983,
when the F region was at a lower altitude. Curiously, the F
region rocket measured nearly 1dentical one-dimensional spec-
tral indices of intermediate-scale irregularities on both eve-
nings, which was compatible only with the shallower spectral
index of the scintillaticns. The irregularity drift velocities mea-
sured by the spaced receiver scintillabion measurements were
in general agreement with the radar interferometer results
except that the spaced-receiver drifts were 20% higher. The
zonal drift was observed to be about {00 m/s when the F
region was high and about 200 m/s when the F region was
low. This result may be a consequence of the fact that the F
regron dynamo held at higher altitude above the magnetic
equator becomes coupled with the off-equatonal locations
through the earth’s magnetic field and that the zonal neutral
wind decreases with increasing latitude.

Paper 5 [Argo and Kelley, this issue]. As part of Project
Condor a digital ionosonde was established at Huancayo,
Peru. Five days of data were obtained, one simultaneous with
Jicamarca VHF observations and a rocket flight The
direction-finding capability of the system coupled with the
VHF data has given clearer insight into operation of the 1ono-
sonde system and its equatorial spread F in general. A modi-
fied phenomenology is developed which uses the radar’s abil-
ity to do echo location. The onset of irregulanities s seen to
occur in the cast and to move westward, while inside this
large-scale structure the plasma is found to drilt eastward A
very curious difference has been 1dentified between spread f
observations with the HF radar and with the VHF radar at
Jicamarca. At VHF, sprcad F onset often occurs when the

ionosphere is rising, whereas in all five examples presented
here, the digital ionosonde detected onset when the apparent
ionosphere motion was downward. The effect could be instru-
mental but may be rclated to the considerable orographic
differences in the two sites. Isolated scattering patches are
observed and tentatively identified as detached or “fossil™
plumes. Additional evidence is presented that acoustic gravity
waves play an important role in equatorial spread F.

Paper 6 [Meriwether et al., this issue]. Nighttime measure-
ments of equatorial thermospheric wind dynamics at Are-
quipa, Peru, were made with an automated field-widened
Fabry-Perot interferometer between April 1983 and August
1983. Data have been reduced for 62 nights. Significant sea-
sonal variations in both zonal and meridional components of
the thermospheric neutral wind vector were observed near the
equinox. Between 2000 and 2300 LT the zonal wind compo-
nent is castward with an amplitude between 100 and 150 m/s
that gradually ebbs to zero by dawn. The meridional compo-
nent is generally small throughout the night. In the winter
months (May-August) and at the winter solstice the zonal
wind persists eastward throughout the night with speeds be-
tween SO and 150 m/s. The meridional component is directed
poleward (southward) toward the winter hemisphere with a
speed of 50-75 m/s that decays to zero by midnight. Compari-
son with the predictions of the National Center for Atmo-
spheric Research thermospheric general circulation model
(TGCM) for equinoctial and solstice conditions shows good
agreement. We conclude that the observed seasonal changes
are caused by the changing nature of the solar forcing func-
tions. The Arequipa resuits indicate that the day-to-day vana-
bility in the winter thermospheric winds is less than that found
for the summer equatorial observations obtained at Kwaja-
lein.
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'
Gigahertz Scintillations and Spaced Receiver Drift Measurements '

During Project Condor Equatorial F Region
Rocket Campaign in Peru '
SANTIMAY Basu,''? SUNANDA Basu,' ). LABELLE,? E. Kupexi,’* B. G. FEler,? :

M. C. KeLLey,® H. E. WHITNEY,? AND A. BusHBY®

) Radar backscatier at 50 MHa. rocket. and VHF/GHz scintillation measurements of spread F irregu- I
lariies a1 the magnetic equator in Peru were made during the Project Condor campaign in March 1983, &

The paper discusses the coordinated set of observalions on two evenings, March 1 and March 14, 1983, 1
when the altnude of the F region peak differed by more than 150 km. The full complement of equatorial )
spread F phenomena. namely, the occurrence of 3-m plume structures and VHF/GHz scinuillations, were 'y
recorded on both these evenings. It was found that the radar backscatier with extended plumes occurs in

associalion with manmum 1.7-GHz scinuillations. This established that the height-integrated rms elec- -
tron densily deviation of ~ 200-m scale irregularities causing 1.7-GHz santillations maximizes in ex-

tended 3-m plume structures. The magnitude of 1.7-GHz scintillations recorded at high elevation angles

{~76') near the magnetic equator did not exceed a value of S, = 02 (4 dB) 1 conirast 10 the near

saturated 1.5-GHz saintillahions routinely observed at Ascension Island near the crests of the equatonal

anomaly of ¢, sonizatson The odserved santillation magnitudes at 1.7 GHz have, however, been found

to be compatible with the ambient F region and the irreguianty parameters measured by the rocket. The :
speciral index n of sanbilations has been found to be relatively less steep (n ~ - 3) on March 1, 198), .
when the F region was high. and the index is steep (n ~ — $) on March 14, 1983, when the. F region was
at a lower alttude The F regron rocket, however, measured nearly identical one-dimensional spectral
indices of intermediate-scale irregularities on both evenings. compatible with the less steep spectral index

of scintillations. The irregulanity drift velocities measured by the spaced receiver scintillation measure- ’
ments were 1n general agreement with the radar interferometer results except that the spaced recaiver ’
dnfts were 20°. higher The zonal drift was observed 10 be ~ 100 m’s on the might of March 1 and ~ 200 \
m’s on the night of March 14. This result may be a consequence of the day-to-day variability of the )

measured zonal neutral winds and field hine integrated Pedersen conductivities.

I INTrRODUCTION generated in the west caused VHF scinullations first before

Duning February-March 1983 the Project Condor equa-
tonal spread F campaign was launched in Peru, which al-

arriving at the ionospheric location probed by the radar ana
rocket. Since this delay 1s about 15 min, the occurrence of

L
lowed the clustering of & varicty of experimental techniques ¥ HF scintillations could be used 10 make short-term predic- <
for the measurement of ditferent spread £ parameters (Kelley 1100 for radar and rocket measurements. _ .
et al. this issucl. At this time. VHF/UHF scinullation The objectives of these coordinated UHF (1694 MHz) scin- 3
mcasurements were conducied not only at the permanent  BHation. rocket. and radar observations were to compare the ;
Huancayo site where routinc sainullation observations are  [07M of the srregularity spectrum predicted by the UHF scin-
madc but at the Ancon Obscrvatory as well. The latter siie  tHlation measurements 1n the scale length range of about 3
allowed high elcvation angle sanullation mcasurements at 200 S0 m with the vertical wave number spectrum measured -
1693 MHz 10 be performed wirtually through the same mag- "M S1ty by (hc rvockcl. to determine the consistency of the mea- -
ncuc mendian over which radar backscatter power maps at 50 sured UHF scintillanon magnitudes with lhosg denived from N
MHz were acquired by the Jicamarca Obscrvatory In addi-  the model computations based on the irregularity parameters <
tion, VHF scintillation mcasurements by spaced reccivers were  Meisured by the rocket probes. and to investigate the cvolu- -
conducted at both Huancayo and Ancon to measure the daft o0 of decameter (~500-50 m) scale irregulanities causing
speed of the ionosphenic irregulaniies The VHF sainullanon  Seintillatons and 3-m irregularities responsible for  the ’
measurements {rom Ancon provided an ionospheric ntersec.  S0-MH2 radar backscatter [Morse er al., 1977; Basu et ul. "
tion about 200 km 10 the west of the planned rocket trajectory  !978. 1980 Runo et al. 1981 Franke and L., 1983; Basu and
and the radar backscatter mcasurements Since the evening Basu, 1985]). In addition, the spaced receiver scml,llauon
spread F irregularities dnift eastward, the irregularity patches ~ Measurements at 244 MHz were performed in coordination "

with the radar interferometer measurements at Jicamarca
This provided a umique opportunity to compare the zonal
T —— College. Boston, Massachusetts drvnfl vo( l‘arge-scale irrcgglariues (f 1.5 km to 150 m) causing -
INow at Air Force Geophysics Laboratory. Hanscom Aur Foroe scintillations with the drift of Iocahzcd'scaucrcrs of 3 m wave- -4
Base. Massachusetts length The comparison was made with the knowledge that .
*Cornell University, Ithacs. New York the radar interferometer measured the dnft at a vanety of -
*Now at Department of Electiical Engineering. University of Hli-  altitudes where localized 3-m scatierers were obtained and the .
""',’A‘Ilrj'?":)'::e Geophysics Laboratory. Hanscom Aw Force Base, drift measured by the scintillation techmique referred to the :
Massachusetts ’ alntude range around the peak of the F region which yiclded 3
*instituto Geofisico del Peru. [ 1ma thc maximum intcgrated rms clectron density deviation of o
kitometer scale irregulantics N
Copyright 1986 by the American Geophysical Union The plan of the paper ts 1o prescnt the obscrvational mater- .
Piper number SAR732 al in scction 2 followed by the coordinated scintillatinn, radar, :
0148.0227°86/005A -8732505 00 and rocket measurements of spread F for the mights of March -
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Fig. 1.

Locations of 50-MHz backscatter radar a1 Jicamarca, Peru, the rocket range at Punta Lobos, and the scintil-

lation observing stations at Ancon (AN) and Huancayo (HU). The 350-km ionospheric intersections of the propagation
paths from the two ground stations (AN, HU) to the vanious geostationary sateliites are indicated. The satelfites Fleetsat-
com and GOES 5 are abbreviated as FLT and GS, respectively. The projected flight path of the F region rocket launched

on March 2, 1983 (UT date}, is also shown.

. 1983, and March 14, 1983, in section 3. These results are
discussed in section 4. The implications of the spatial spectrum
of clectron density irregularities measured by the rocket and
the irregularity drift on the temporal structure of scintillations
are pointed out.

2. OBSERVATIONS

Figure | shows the gecometry of radar, rocket, and scintil-
laion measurements. At Jicamarca (latitude: 11.95°S; lon-
gitude: 76.86°W; magnetic dip: 0.3°S) the 50-MHz radar was
operated in the total power mode to obtain the two-
dimensional power maps of 3-m irregularities [Woodman and
LaHoz, 1976) and also operated in the interferometer mode
[Kudeki e1 al., 1981] to determine the zonal plasma drift of
discrete 3-m scatterers. The diagram shows the rockel range at
Punta Lobos and the projected path of the F region rocket
which was launched on March 1, 1983. Scintillation measure-
ments were performed at two ground stations, Ancon (AN)
and Huancayo (HU). At Ancon the 1694-MHz transmissions
from the geostationary satellite GOES § were received, the
intersection of the propagation path with the 350-km altitude
being indicated by the location marked AN/GS. The Fleetsat-
com (FLT) transmissions at 244 MHz were received at Ancon
by three spaced receivers on a baseline oriented in the mag-
netic cast-west direction. The intersection point of this propa-
gation path with the 350-km altitude occupied the western-
most position indicated by AN/FLT. The same Fleetsatcom
satellite was also received at Huancayo on a spaced receiver
system, the subionospheric point being showr  AU/FLT.

In addition, the ground station at Huancayo recorded 1541-
MHz signals from the Marisat satellite. In contrast to the high
elevation angle observations of GOES $ at Ancon, the Maris-
at satell:ite was viewed from Huancayo due east at a low eleva-
tion angle of 20°, providing the subionospheric point at a
latitude of 12°S and longitude of 67.5°E. Thus scintillation

observations with the Fleetsatcom satellite at Ancon and
Marisat satellite at Huancayo provided a longitude coverage
of nearly 12° along the magnetic equator. Since the nighttime
drift of the irregularities is predominantly zonal at the mag-
netic equator, the wide longitude coverage of scintillation was
advantageous in foilowing the evolution of the irregularities.
Two F region rockets were launched as part of Project
Condor [Kelley et al., this issue). The first rocket was
launched into spread F irregulanties on March 1, 1983, at
2151 LT. On this night the F region altitude was high, the
base of the F region, h,,.F. being located at 430 km. The
sccond rocket was launched during spread F conditions on
March 14, 1983, at 2133 LT. On this night, however, the F
region altitude was low, h,, F being only 300 km. As we shall
show presently, background parameters characterizing the F
rcgion of the ionosphere were very different on the two nights.

3. RESULTS

Event of March 1, 1983

Figure 2 illustrates the onset of spread F with spaced receiv-
er scintillation data obtained at Ancon from the Fleetsatcom
satellite at 244 MHz As shown in Figure 1, the subionospher-
ic position for this observation (AN/FLT) occupied the west-
ernmost location. The three panels in Figure 2 starting from
the top represent the receiver in the east (E), center (C), and
west (W) over a baseline oriented in the magnetic east-west
direction. The receiver separation f{or the top two panels was
244 m, and for the bottom two panels the separation was 123
m. It may be noted that the scintillations on all three channels
started with the execution of a slow deep fade. This is similar
to the diffraction pattern causcd by a sharp phase changing
boundary [Basu and DasGupia, 1969, Davies and W hitehead,
1977], so that the slow deep lade possibly signifies an en-
counter of the ray path with the castern edge of a bubble.
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0059 0100 Ol01l UT
|
FLT(E)
FLT(C) .
FLT(W)

ANCON

MARCH 2, 1983

Fig. 2. Onset of saintillanon on the 244-MHz signal from the Fleetsatcom satellite as recorded by the three spaced
reccivers at Ancon on March 2. 1983 (UT daie). The three panels [rom the top 10 bottom show data recorded by the

caslern, central, and western receiving systems.

After about 2 min the characieristic equaltorial scintillations
with deep and fast fadings are obtained. The deepest fades at
244 MHz cxcceded the 30-dB dynamic range of the receivers.

The top pancl of Figure 3 shows the 50-MHz radar back-
scaticr power map acquired at Jicamarca on this evening, and
the bottom pancl shows the temporal variation of the mag-
nitude of scintillations at 1694 MHz recorded at Ancon by the
usc of transmissions from the geostationary satellite GOES 5.
The scinuillaion magnitude 1s expressed in terms of the S,
index. which 1s defined as the normalized second central
moment of intensity. From the top panel it may be noted that
a thin layer of bottomside backscatter lormed shortly after
1940 LT (75°W ume) at an altitude of about 375 km. The
alutude of this thin backscattening layer increases to about
500 km in | hour, when the plume development took place. It
may be noted that the Jicamarca radar first detected the por-
tion of the tilted plume in the topside at an altitude of about
900 km, and later the low-altitude portion of the plume was
detected. Two data gaps existed around 2100 and 2130 LT;
yet 1t 1s possible to construct from the trends a reduction ol F
region aititude at about 2100 LT and subsequent increase of
altitude during the detection of the second plume around 2130
LT.

The rectangular mottled area on the radar map centered at
2155 LT indicates that during this period the radar was oper-
ated in the interferometer mode. In contrast to the total power
mcde, the radar during its operation in the interferometer
mode received the backscattered signal independently in the
east and west quarters of the antenna array. By locating the
angular position of a scattering center and by noting the tem-
poral variation of its position, the east-west drift velocities of
the 3-m scattering centers were determined [Kudeki et al.,
1981 Kelley et al., this issue; Fejer et al, 1985].

In the bottom panel the temporal vanation of the S, index
of scintiliation at 1694 MHz i1s shown. This measurement ex-
plored the ionospheric location AN/GS shown in Figure 1 as
being located about 35 km to the west of the meridian which
was probed by the Jicamarca radar As we shall show later,

the irregularity drift velocity at the onset time was about 100
m,s in the castward direction. As such, the spatial separation
between the magnetic menidians passing through the 1ono-
spheric points explored by the radar and GOES 5§ scintillation
obscrvations corresponded to a delay of about 5 min. Thus in
comparing the radar and scinullaton data scts the bottom
pancl needs to be shifted to the nght by about S min. Overall,
it may be noted that two sanullation structures before and
after 2100 LT are correlated with the two plumes centered at
2045 and 2145 LT ltas unfortunate that a data gap exists at
the ume the second plume may have attained its maximum
extent The correlation between the plume and the scintil-
lation structures indicates that the rms electron density devi-
ation of irregularities in the scale length range of 500-50 m
integrated through the ionosphere becomes maximum where
the plumes become most extended 1n altitude These irregu-
lariies control, in a sensiive manner. the magnitude of 1694-
MHz scintillations.

On March 1, 1983, the F region rocket was launched at
0251 UT and mcasured a2 maximum eclectron density of 10'2
m ?, irregulanty amplitude of 10%, and one-dimensional
spectral index of — 2.5 1n the scale length range of 1 km to 100
m [LaBelle and Kelley, this 1ssue]. The extent of the plumes
and the nature of the electron density profile recorded by the
rocket indicated that an irregulanty layer thickness of 200 km
is not an overestimate. Furthermore, the irregularities near the
magnetic equator in the scale length range of a few hundred
meters may be assumed to be rodlike with an axial rato of at
least 5:1 By using the geometry of 1694-MHz scintillation
observations and the F region parameters actually measured
by the rocket, as outlined above, a scintillation index of S, =
007 at 1694 MHz 15 estimated in the frameworx of weak-
scatter theory [Reno, 1979] From the bottom panel of Figure
2 1t may be noted that an S, index of 012 was actually mea-
sured at the time of the rocket flight Since a background
S 002 15 inherent in the measurement because of receiver
noisc temperature and there exists an uncertainty in the as-
sumed valuc of the arregulanty lavar thickness, we consider
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Fig 4. (Top) Temporal variatton of the amphiude sonullation index of 244-MHz signals from the Fleetsatcom
geosiationary satellite recorded at Ancon between 0100 and 0312 UT on March 2, 1983. (Bottom) Apparent zonal dnift of
irregularities derived from the spaced receiver recordings made at Ancon. The dnifts obtained from both the short (123 m)
and the long (244 m) baselines are indicated in the bottom panel.

that the observed and the estimated values of scintillation are
in reasonably good agreement.

The weak-scatter computations in the previous paragraph
indicate that the observed maximum levels of S, = 0.1 at 1.7
GHz can arise from an irregularity layer of 200 km thickness
with rms electron density deviation, ((AN)>"'?, of 2 x 10'°
m~3 at an outer scale of 1 km having a one-dimensional
spectral index of —2.5. If we assume that the irregularities are
of a turbulent type and are described by dual power law re-
gimes having a one-dimensional power law index of —2.5
between | km and 100 m followed by a much steeper index of
—5[Kelley et al., 1982] between 100 and 3 m, it is possible to
investigate if the observed backscattered power level at SO
MHz is compatible with GHZ scintiilation magnitudes. First,
it is found that the level of rms clectron density deviation
WAN)*>'? = 2 x 10'® m~? required by the scintillation ob-
servations transiates to ((AN)?>"'? = 10® m ~? at scale lengths

<100 m. On the other hand, following Woodman and Basu
[1978]. it can be shown that the observed maximum back-
scaltered power level of 27 dB requires a rms electron density
deviation of 4.5 x 10'® m™? at scale lengths < 100 m when an
ambient ionization densily of 10'2 m~* is assumed and the
irregularities are considered to be cylindrically symmetric, infi-
nitely elongated along the magnetic field, and having a steep
one-dimensional spectral index of k> Thus there is a factor
of ~ 50 discrepancy between scintillation and backscatter ob-
servations in regard to the value of rms electron density devi-
ation at scales < 100 m where the spectral break is assumed to
occur. However, this discrepancy is not really significant when
one considers the range of errors possible in the determination
of spectral indices of rocket or scintillation measurements
which may be as large as +0.5. Thus this calcuiation shows
that the existence of a &k~ * regime in the one-dimensional
clectron density irregularity spectrum brings the backscatter
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data morc or less in agreement with the scintillation obscrva-
tions, in contrast to the case of a uniform k~? spectrum as
investigated by Woodman and Basu (1978]. However, it is
impossible to derive from this calculation whether there exists
another break in the spectrum near the irregularity wave-
length of 3 m due to the excitation of microinstabilities. These
high-frequency drift waves have been proposed to explain the
1-m, 36-cm, and 1l-cm irregularities observed by Tsunodu
[1980]. it is possible that these short-scale irregularities do
not always exist, requiring, as they do for their excitation,
regions with highly depleted electron densities. The rocket ob-
servations show that during these events the depletions were
not deep enough to linearly excite the microinstabilities
[Kelley et al., this issue).

Figure 4 shows the results of spaced receiver saintillation
observations performed at Ancon by the use of 244-MH7
transmissions (rom the Fleetsatcom geostationary satellite.
This observation was made by three independent receiving
systems with their antennas placed in the magnetic east-west
direction. Since the F region irregularities are highly elongated
in the magnetic N-S direction, a baseline along the magnetic
E-W direction is suflicient lo derive drift parameters. In this
experiment the longest baseline between the two extreme an-
tennas was 367 m, while the third antenna was asymmetrically
placed between the two antennas at a distance of 123 m from
the westernmost antenna.

The apparent velocity in the magnetic E-W direction, de-
fined as the ratio of the E-W distance between the spaced
receivers 1o the time lag at which the cross correlation s
maximum, was derived every 3 min from the digitized data set
(Basu and Whuney, 1983; Wernik et al., 1983] The bottom
panel of Figure 4 shows the time variauon of the apparent
velocity derived for the antenna pair occupying the central
and the western positions with a basehine of 123 m as well as
for the antenna pair in the east and the center with a baschine
of 244 m. The top pancl. showing the vanation of S, index of
2344-MH: sanullauon, indicates that strong scatlening pre-
vailed for most of the evening. The time of the rocket flight
and the period dunng which the radar interferometer
measurements were performed are indicated on the diagram
The apparent castward velocity was determined only when the
cross<orrelation coeflicient exceeded 05 A gradual decrease
of the zoral irregulanty velocity from 200 to 75 m/s occurred
over the first 1.5 hours of the evening Briggs et al [1950]
viewed the correlation analysis of spaced receiver dnift data
from a stausucal standpoint and showed that the apparent
veloaity 1, defined earhier, 1s related to the mean velocny v
obtained from the intersection of autocorrelation and cross
correlation by the relation ' = v + v, ?r where r, 15 the
charactenstic velocity.

Wermk et al [1983] used weak-scatter theory and made
model computations to indicate that the characteristic veloanty
v, s related 1o physical parameters such as velocity fluctu-
ations or velocity gradient across the ray path through the
irregular medium Even though the present observations con-
form to strong scattering. we follow their method of compu-
tations and find that the characteristic velocity v, = 28 m's at
0250 UT when the rocket was launched and the radar interfer-
ometer measurements were performed On this basis the mean
drift speed 1s obtained as v = 107 m/s for an apparent velocity
¢t = 14 m/s Thus at 0250 UT the mean dnft speed 1s lower
than the apparent velocity by about 7% However, shortly
after the onset of saintillations at 0130 UT, an apparent veloc-
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ity of 210 m/s was found to correspond (0 a mean drift speed
of 186 m/s duc 10 a larger value of characteristic velocity
v, = 67 mfs. The larger characterisuc velocity signifies that
carhicr in the evening the velocity fluctuations across the ray
path were farger.

It should be noted that the drift speed shown in Figure 4
can be identificd with the zonal irrcguianty dnft oaly in the
absence of any verucal drift. In the presence of a vertically
upward component -, of the drift, the measured drift ¢ 1s
related to the zonal drilt ¢, by the relation ¢ = v, — v, tan @
sin ¢ where 0 is the zenith angle and ¢ 1s the azimuth angle of
the wave vector from the magnetic plane. From the geometry
of the present observauions, # = 29° and ¢ = 66°, and there-
fore r, = r — 0.50¢, This relanon indicates the possible con-
tamination of zonal dnft values in the presence of vertical
dnft.

At the ume of the radar interferometer observations the
spaced recciver measurements yielded a value of the apparent
drift speed as ¢ = 114 mos, true drft speed ¢ = 107 m/s, and
charactensuic veloaty ¢, = 28 mss Considering the radar in-
terferometer measurements of sonal dnft speed at altitudes
ranging between 510 and 540 km corresponding to maximum
iomzation density, an average drft speed of 114 m/s with rms
fluctuation of 22 m/s 1» oblained. This 1s 1n surpnisingly good
agreement with the true dnft speed of 107 m/s obtained from
spaced receiver measurements. However, a disagreement be-
tween the two sets of results 1s noted when the interferometer
results pertarning to the bottomside or the topside are used in
the companson This is because scintillation measarements are
weighted heavily by the levels with high ionization density
while the zonal drift has a considerable vanation with altitude.

in Figure 5 the apparent eastward drift speed for the rest of
the measurement penod of March 1, 1983, 1s shown. In view
of a reduction of the drift speed. the crosscorrelation analysis
i performed over a 6-min stationary sample instead of 3 min
as in Figure 3 At about 2330 LT the dnft speed is only [0 m,s
when extremely slow fuding rates of signals are encountered
From the top panel of Figure S1t may be noted that the depth
of fluctuanons s quite deep. providing S, varying between 0.6
and 10 Such deep wignal fadings with a long period of the
order of a munute or longer degrade modern transionospheric
communication systems at VHE Figure 6 shows the nature of
such deep and slow signal fadings recorded by the three
spaced receivers Since the zonal drift speed in the equatonal
I region attains very low values in the postmidnight time
frame for an extended period before reversing from the cast-
ward to the westward dircction, the degradation of communt-
cation systems can routinely occur at this ime On most oc-
casions the cquatornial srrcgulanuies decay after midnight, so
that the problem s not quite as severe On magnetcally dis-
turbed mights, however, irregularitics may be freshly generated
in the postmudnight penod [Rastogr and Woodman, 1978], so
that these do not decay cven around the sunrise peniod
[ Aarons ard DasGupta, 1984) On such occasions, prolonged
periods of slow and deep fadings may be encountered which
may pousc problems for transionosphernc communication sys-
tems

In Figure 7 we show two 3-min samples of weak | 7-GHy¢
santilfations recorded at the time of the rocket Mlight The
analog data acquired 1 the hield were digstized at 16 Hez, and
the spectra obtained with the fast Founer transform (FFT)
technique are shown in the figure Each spectrum indicates
that maumum power spectral density 1s obtained at a fre-
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quency of f, = 0.2 Hz. The frequency of the Fresnel maximum
1 f,, = u/(252)""? where u is the irregularity drift speed orthog-
onal to the ray path, 4 the wavclength of observations, and =
the slant range to the irregularity layer. Substituting /2 = 0.18
m and = = 550 x 10°® m, we find that u = 90 m/s. In view of
the fact that 1.7-GHz scintilfation measurements were per-
formed at an elevation angle of 76° and azimuth of only §°,
the direction of u is virtually along the E-W direction. We
therefore find a close correspondence between u and the zonal
dnft speed obtained from spaced receiver drift data shown in
Figure §.

The linear roll-off portions of the spectra shown in Figure 7
indicating a linear variation of the logarithm of power spectral
density (PSD) with the loganthm of fluctuation frequency f
imply a power law variation of PSD with fof the form f". The
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Fig. 5. Same as Figure 4 for the period 0307-0507 UT.

roll-off portions of either spectra shown in Figure 7 can be
best fitted to a power law form " with n = —29 over the
frequency range 0.3-1 Hz, which can be translated to a spatial
scale length range of 250-100 m by the usc of the mecasured
zonal driflt speed of ~ 100 m/s at this time. In general, the
temporal spectrum of scintillations is a result of both the spa-
tial spectrum of the irrcgularities and the distribution function
of irregulanity velocity [Lotota, 1981). If, however, the velocity
distribution s assumed to be very narrow in coraparison to
the spatial spectrum of clectron density fluctuations, the spec-
tral index n of scintillations can be related to the rocket-
mcasurcd one-dimensional spectral index p, of electron den-
sity fluctuations as n = ~(1 — p,) [Cronyn, 1970). The rocket
mcasurements indicated p, = — 2.5 in the scale length range of
1 km to 100 m [LaBelle and Kelley. this issue] around an
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Fig. 6. Same as Figure 2 for the period 0430-0436 UT. illustrating the slow fadings of 244-MHz santillation
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ANCON, PERU
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Fig. 7. Two 3-min samples of 1694-MHz scintillation recorded at Ancon during the rocket flight on March 2, 1983
(UT date), and their FFT spectra. The spectral index n of the roli-off portions of the spectra between 04 and | Hz s

indicated.

altitude of 500 km corresponding to the level of ionization
density, whereas scintillation measurements yielded n = —29
between 04 and 1 Hz corresponding to the scale length range
of 250-10C m. These two measurements within 20% of one
another arc considered to be quite compatible.

On the same evening, 1.54-GHz scintillation measurements
were performed from the Huancayo station by the use of
transmissions from the Marisat satellite. Two data samples
and their spectra corresponding to Figure 7 arc shown in
Figure 8. It is interesting to point out the consistency between
a range of parameters that can be deduced from the intensity
scintillation spectra. First, it may be noted that in Figure 8 the
maximum PSD is obtained at a frequency of f, ~ 0.1 Hz,
which 1s a factor of 2 lower than that obtained from Ancon for
GOES 5 observations. The Marisat satellite observations from
Huancayo are performed at an elevation angle of 22° at an
azimuth corresponding to virtually the ecastward direction.
For the same 500-km altitude of maximum ionization density,
assumed in the discussion of Figure 7, the slant range of the
Huancayo site to the irregularity layer at the low clevation
angle of measurement becomes z = 1123 km. Hence the spa-
tial scale corresponding to the Fresnel maximum may be de-
duced as A = (24z)''? = 661 m. Since the frequency of Fresnel
maximum indicated by the spectra il f, = 0.1 Hz, the irregu-
larity drift velocity orthogonal to the propagation path is de-
duced as u =f A =66 m/s. Considering the ionospheric
zenith angle of 59°, the equivalent zonal drift is 132 m/s as
compared to the true drift of 107 m/s derived from the spaced
receivers. Thus this value is within 20% of that deduced from
the spaced receivers. In general, however, this technique is not
very accurate for large zenith angles such as in the present
case.
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Finally, the roll-off portions of Marisat scintillation spectra
in the frequency range 0.1-0.7 Hz corresponding to the scale
length range 650-100 m are found to be best fitted by a power
law form of /= with n = —3.2. This result agrees with 1.7-GHz
measurements at Ancon described earlier and is also consis-
tent with the rocket measurements of the one-dimensional
spectral index of electron density irregularities [LaBelle and
Kelley. this issue].

Event of March 15, 1983

The second F region rocket was launched at 2133 LT on
March 14, 1983. The radar and scintillation measurements
were performed throughout the evening as was donc on
March [, 1983, and discussed in the previous paragraphs. In
this section we shall concern ourselves with comparning the
observational material obtained on the second might rather
than discussing the second night's measurements as an inde-
pendent data set.

The behavior of the F region on the evening of March 14
was very diflerent from that of March 1. The F layer was
much lower on March 14, the virtual height of the bottomside
F region being only 300 km as compared to 430 km on March
1. Just before the onset of spread F the altitude of the F region
maximum was around 360 km on March 14 as compared to
520 km on March I. The cnitical frequencies were comparable
on the two evenings, being 11.5 MHz on March | and 10
MHz on March 14. As we shall show presently, the magnitude
of 1.7-GHz scintillation on March 14 was shightly higher, but
the zonal drift spced measured by the spaced receivers was
nearly a factor of 2 higher on this evening as compared to
March 1, and the spectral index of GHz scintillations was
considerably steeper on the second night.
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Fig 8. Two 3-min samples of 1541-MHz2z scinullation of Marisat satellite signals recorded at Huancayo on March 2,
1983 (UT date), and their FET spectra. Values of the spectral index n of the roll-off portions of the spectra between 0.1 and

0.7 Hz are indicated.

Figure 9 compares the radar backscatter and 1.7-GHz scin-
tillation measurements on March 14 in a form similar 10 that
of Figure 3. The maximum backscattered power level at 50
MHz and the S, index of 1.7-GHz scinullations are found to
be slightly higher than on March 1. Since the irregularity drift
speed was a factor of 2 higher on March 14 as compared to
March 1, a study of the correspondence of radar and GHz
scintillation requires only a time shift of + 3 min for the scin-
tillation data relative to the backscatter map. The first two
scintillation structures (marked 1 and Il on Figure 9) are
found to correspond to the first two plume structures, whereas
the equally strong third scintillation structure (marked 111}
does not have a developed plume at the altitude of the F
region maximum. The existence of a thin backscatter layer in
the bottomside and the top portion of a westward tilted plume
structure at altitudes above 800 km are the only signatures of
3-m irregularities in association with the third scintillation
structure. Since at these altitudes the ambient ionization den-
sity is very low, we conclude that the irregularities with scale
lengths ~ 100 m causing GHz scintillations have no associated
3-m irregularities of consequence because of either the erosion
of 3-m irregularitics gencrated earlier in the evening [Basu et
al., 1980] or a lack of generation of meter scale irregularities
in the absence of steep density gradients [Rino et al., 1981].

However, the scintillation and rocket measurements were
compatible. For example, if we assume the irregularity distri-
bution parameters to be similar to those of March 1 and the
spectral index of scintillation to be steeper {n = —4.5, as will
be shown later) in keeping with the observations, the weak-
scatter computations indicate that a rms electron density devi-
ation of 2.7 x 10'® m~? for irregularities in the scale length

range 1 km to 100 m is necessary to produce S, > 0.17 at the
time of the rocket flight. The rocket measurements indicated
that at the level of maximum ioni.ation density of 1.26 x 10'*
m ™3 the irregularity amplitude ((AN/N)?>''? was 1.7% in the
scale length range | km to 100 m, providing a rms electron
density deviation of 2.1 x 10'® m~?. This is in good agree-
ment with the predictions of weak-scatter computations given
above.

Figure 10 shows the variation of the apparent eastward
motion of the irregularities derived (rom the spaced receiver
scintillation measurements. Comparing Figures 10 and 4, it
may be noted that the eastward drift on March 14 is a factor
of 2 higher than that measured on March 1. Further, the drift
remains elevated without showing any decrease with local
time. At the time of the rocket flight, when the interferometer
measurements were performed, we obtained the values of the
apparent, characteristic, and true velocities as 218, 43, and 210
m/s, respectively. This showed that not only was the zonal
drift higher on March 14 but the velocity fluctuations were
larger as well, being about 20% of the average value. The
radar interferometer measurements recorded an average zonal
drift of about 170 m/s in the height range 350-380 km with a
velocity fluctuation of about 20% about the average. Thus
both the interferometer and the spaced receiver scintillation
measurements recorded much higher zonal drift on March 14
when the second F region rocket was flown. It should, how-
ever, be noted that the spaced receiver drifts were 20% higher
than the radar interferometer measurements. The marked day-
to-day variability of zonal drift is rather interesting, particu-
larly when we observe 75-100% higher drift speeds with the F
region at a lower altitude.

107



BASU BT AL.: SCINTILLATIONS AND DRIFTS DURING PROJECT CONDOR

et

5535

JICAMARCA MARCH 14, 1983 50 MH:z RADAR BACKSCATTER
1100 — - v — — ~ v - v — v v -
1 Sl 4848 1
|l 42
900 Em Y%
-l X
3 -l 2
— s 8
€ 700+t - 12
= 6
- [
x ’
S 500 |
W
p o
s
300!  ecemsescemes s iessssen
00 Semeem s & semmen o o = .
ANCON GOES -5 1694 MHz MARCH 14, 1983
zL— 2
54
e 1 o m 1
i 1 Il 1 1 1 Il 1 1 1 1 1 1 1
203629 214029

Fig. 9. Same as Figure 3 for

Figure 11 shows two 3-min samples of 1.7-GHz scinul-
lations and their spectra obtained during the rocket flight of
March 14, 1985. In view of the lower altitude of the F region
maximum the slant range of AN/GS measurements to the
irregularity layer is obtained as 400 km. Since the roll-off of
the spectra occurs at a {requency of about [, = 0.50 Hz, the
irregulanty drift velocity orthogonal to the propagation path
is obtained as 190 m/s. This corresponds closely to the zonal
dnft speed obtained [rom the spaced receiver measurements at
this time. A quick comparison with the spectra of March 1|
shown in Figure 7 indicates a high-frequency displacement of
the spectral peak in Figure 11 due to the increased irregularity
drift. The roll-off portions of the present spectra computcd
over 0.6-1.5 Hz, corresponding to scale lengths in the range of
330130 m, are shown to follow a power law form expressed
as /* with n = — 5. As discussed in connection with the March
| event, the observed spectral index of the scintillation index
implies a onc-dimensional irregularity spectral index of ~4.
The rocket in situ probes, however, detected an irregularity
spectral index of — 2.5 in the range | km to 100 m. From the
Huancayo station, 1.5-GHz scinullation observations were
performed on this evening. These spectra also indicated steep
slopes, n = — 5, similar to those observed at the Ancon sta-
tion. Since the scintillation spectrum is steeper than that pre-
dicted from the irregulanty spectrum, it is not possible to
explain the observed discrepancy in terms of a spatial distri-
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bution of irregulanty dnfis [ Blums and Lotota, 1981] [tas not
clear if through any possible uncertainty in the determination
of spatial scales in the rocket spectrum, the scintillation spec-
trum is reflecting the steeper irregularity spectrum character-
istic of short-scale dnft wave structures [{Kelley et al, 1982;
LaBelle et al., this issue] Another possible reason for the
discrepancy could be the anisotropy of the wave number spec-
trum 1n the vertical and hornizontal directions observed in the
simulation studies of the collisional Rayleigh-Taylor insta-
bility by Seyler and Zargahm [ 1985] I thisis indeed the case,
the hor:izontal scintillation spectrum will not necessanly map
the vertical rocket spectium In closing we note that GHz
scintilation spectra from both stations, Huancayo and Ancon,
recording two independent satellites yielded steep spectral in-
dices in the range of -4 10 -39S throughout the eve:
ning.

4.

The coordinated radar, rocket. and santllahon measure-
ments performed during Project Condor allowed an intercom-
parison of complementary data sels on equatonial F region
irregularities in the wide scaie length range of 3 m to a few
kilometers. In fact, this data set presents for the first ime the
simultaneous radar backscatter and GHz scinullation obser-
vations virtually over the magnetic equator. In addition, the
simultaneous radar interferometer and spaced receiver scintil-

CONCLUSIONS
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Fig. 10. Same as Figure 4 for March 15, 1983 (UT date)

laton measurements allowed an opportunity to track the
zonal motion of the scattering centers causing the 3-m back-
scatter and the motion of kilometer scaie irregularities giving
rise to VHF scintillations. The full complement of equatorial
irregularity phenomena was observed on the two nights
(March 1 and March 14, 1983) with a very conspicuous differ-
ence in the altitude of the F region offering significantly differ-
ent levels of coupling between the neutrals and the ionized
components.

On both evenings, very good agreement between the GHz
scintillation structures and the extended 3-m plume structures
was noted. This result indicates that the height-integrated elec-
tron density deviation of 200-m scale irregularities becomes
maximum when the 3-m backscatiered power becomes most
intense and the backscatter structures are most extended
(Basu et al., 1978; Tsunoda, 1981]. This is because the iono-
spheric regions with high plasma density near the F region
peak causing intense scintillations lic adjacent to the deple-
tions associated with the 3-m backscatter plumes [Rino et al,
1981). While this agreement is routinely observed in the carly
phase, the March 14 result indjcated that a late phase GHz
scintillation structure may not be accompanied by any con-
spicuous plume structure near the F region peak possibly as a
result of the erosion of sharp density gradients.

It should be noted that in spite of the presence of intense
and extended plume structures at 3 m, the associated 1.7-GHz
scintillation was observed 10 be very weak in comparison with
the saturated GHz scintillations reported from Ascension
Isiand near the crest of the equatorial anomaly (Basu et al,
1983]. The modeling results of Anderson and Klobuchar

(1983] indicate that the meridional transport in the postsunset
period favors the off-equatorial locations at Alfrican longitudes
in providing an environment of extremely high electron con-
tent. When irregularities develop 10 a few percent amphtude in
such an environment, saturated GHz scinullations may be
obtained. It should be noted that at the magnetic equator even
with the F region critical frequencies in the range 10-12 MHz
as measured by the rocket, the 1.7-GHz scintillations did not
exceed S, of 0.2 (4-dB fluctuauors) for overhead propagation
paths.

The spectral index of GHz scintillations was shown to be
compatible on one night with the one-dimensional irregularty
spectral index as measured by the rocket, whereas on the
other night the spectral index of scintillations was far too
steep in comparison to the irregularity spectral index in the
intermediate scale. The scintillation measurements reflected in-
stead the steep short-wavelength irregularities. This discrep-
ancy occurred in the evening of March 14 when the irregu-
larity drift speed was high, of the order of 200 m/s with about
20% fluctuation. In view of this result it may be useful to
perform experiments providing both the velocity and density
turbulence spectra.

The coordinated irregulanty drift measurements by the
radar interferometer and spaced receiver scintillation measure-
ments indicated that the spaced receiver drifts are about
10-20% higher on both nights. It is not clear at this moment
why the zonali drift speed of scattering centers of 3-m wave-
length measured by the radar interferometer should be sys-
tematically lower than the drift of 1-km irregularities On the
other hand, both techniques recorded a twofold increase of
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zonal drift speed between March | and March 14, 1983, It
should be mentioned thai the spaced receiver drift analysis
during strong scintillations which represent the present situ-
ation 1s yct to be modeled theoreucally It is unfortunate that
although ncutral wind measurements were performed during
this period at Arcquipa, Peru, by Meriwether et al. [this issue],
no mcasurcments could be made on these two nights. How-
ever. these Fabry-Perot interferometer measurements show
large day-to-day vanability in the zonal wind speeds. Coordi-
nated Fabry-Perot. spaced receiver scinnillation, and radar in-
terfecrometer obscrvations are being planned in Peru to make
simultancous mcasurements of ncutral wind and dnifts of
small- and large-scale irregularitics This will allow us to ex-
piorc the rclauonship between the neutral wind, F region
plasma motion, and ficld line integrated Pedersen conduc-
tuvities near the magnetic equator. It should also be interesting
to study the effect of the transequatonal component of neutral
wind on the day-to-day variability of spread F generation
recently proposed by Maruyama and Matuura [1984].
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