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OBSERVATIONS OF ELF PROPAGATION AT HIGH LATITUDES
DURING THE SPORADIC-E CONDITIONS OF
NOVEMBER 1986

INTRODUCTION

Almost from its inception, researchers in extremely low frequency (ELF) radio propaga-
tion have speculated on the effects of disturbed ionospheric conditions. Over the years, it has
been observed that, although the propagation of ELF signals is remarkable for its relative
stability, these signals are nevertheless influenced by many of the same types of disturbances that
afflict higher frequency bands. Indeed, some of the early measurements by Bannister [1975] and
Davis [1976] revealed not only ELF's stable, predictive features (e.g., the smooth transitions
through daytime and nighttime periods), but also its unexplainable, sudden decreases in
nighttime signal strength.

One of the most dramatic natural events for the radio propagationist to study is the solar
proton event (SPE). During polar-cap absorption (PCA) events, an earthly response to an SPE,
energetic protons from the sun penetrate the polar ionosphere. In the process, interactions with a
variety of atmospheric constituents result in an increase in the ionization density to altitudes of
30 km or less.

A few years ago, Fraser-Smith and Helliwell [1980] carried out a series of measurements
of the properties of ELF spherics (at 75 Hz) at Byrd Station, Antarctica, during a moderately
large SPE. Their measurements suggest that an SPE can significantly alter the characteristics of
ELF signals as they propagate through the polar regions. Although there was a reduction in the
mean amplitudes and rates of occurrence for these spherics, there was no polar "blackout.”

In a paper by Katan and Bannister [1987], the first confirmed observations of cause and
effect associations were reportcd that summarized the effects of an SPE on ELF wave
propagation using a man-made source. During November and December 1982, ELF field-
strength measurements were taken at one mid-latitude (Connecticut) and three high-latitude
(within the polar-cap in Greenland and under the auroral oval in both Norway and the Gulf of
Alaska) locations. Two small PCA events occurred on 22 and 24 November while a moderate-
to-large event occurred on 8 December. ELF propagation effects were observed before, during,
and after these events.

The most striking observation was the high value of inferred attenuation rate calculated
during disturbed propagation conditions along the Wisconsin-to-Gulf of Alaska path (2.51
dB/Mm at night and 2.66 dB/Mm during the day). The attenuation rate was substantially higher,
more than 1 dB larger, than that measured during ambient or quiet propagation conditions for this
path. Less strident were the effects along the Wisconsin-to-Greenland and Connecticut-to-
Norway paths.




These observations, however, only solved part of the puzzle. Few, if any, of the sudden
signal decreases reported by Bannister [1982] occurred during periods of PCA events. Most of
these fades were during nighttime conditions. Because of this, a moving nocturnal sporadic-E
layer was suggested as a prime candidate for the cause of these nighttime abnormalities.

THE IMPORTANCE OF THE
IONOSPHERIC WAVEGUIDE BOUNDARY

In a series of papers, Greifinger and Greifinger [1978, 1979a, 1979b] derived simple-
form approximate expressions for the transverse electromagnetic (TEM) eigenvalues (propa-
gation constants) for ELF propagation in the earth-ionosphere waveguide. The eigenvalues
obtained by their methods were in agreement with the classical full-wave numerically calculated
eigenvalues. The results of these te-hniques can be applied for the rapid evaluation of the effects
of a variety of ionospheric disturbances on ELF communication systems. They further showed
that the propagation constant depends on four parameters (two altitudes and a scale height
associated with each).

The lower altitude, h,, is the height at which the conduction current parallel to the
magnetic field becomes equal to the displacement current. The associated scale height, ¥y, is the
local scale height of the parallel conductivity. Under daytime ionospheric conditions, the upper
altitude, h,, is the height at which the local wavenumber becomes equal to the reciprocal of the
local scale height, ¥) of the refractive index. Under the simplest nighttime conditions, the second
set of parameters is replaced by the altitude of the E-region bottom, h,, and the local wavenumber
just inside the E-region is inversely proportional to the electron density. Within this formulation
there are two principal attenuation mechamisms. In the vicinity of the lower altitude, there is
Joule heating by the longitudinal currents while at the upper altitude there is leakage of the
whistler component of the ELF wave (x wave).

The Greifingers' development and the extensions presented in Bannister {1985] and in
Katan and Bannister [1985] provide a convenient method of depicting the interrelationship of
both the D- and E-regions on ELF propagation. Some typical values are listed in table 1 for the
Connecticut to Norway propagation path.

As can be seen from table 1, the inferred ionospheric reflection height at ELF is approxi-
mately 50 km during the day and 75 km during the night. During the initial phases of a PCA, the
nighttime ionosphere is further depressed and takes on characteristics of a daylight ionosphere.
However, this effect seems to last only for a few hours, the reasons for which remain unknown.

Table 1. Connecticut/Norway Path Interpretation at 76 Hz

Path Condition | Year . B/‘;‘ m) (l:lI(I)I) (lg‘:') (II:E‘)
Quiet Day 1982 1.20 56.7 3.07
Quiet Night 1982| 1.12 716 2.66 92.0
Disturbed Night 1982 1.68 60.1 3.67
Disturbed Sunrise 1984 1.77 65.1 4.19




SUMMARY OF THE PROPERTIES OF THE D- AND E-REGIONS

Within the atmo.phere, the reflection region at ELF is referred to as the mesosphere and
includes the lower ionosphere. Much of the lower ionosphere, the upper D- and E-regions, is
under solar control. (See table 2 for types of sporadic E [Wakai et al. 1984).) The first of these
regions, the D-region, is generally shielded from most of the solar short-wave radiation that is
respor.sible for ionizing the air molecules in the upper layers. However, in the 1020 to 1220 A
band, there are certain windows above the D-region in which no absorption occurs. One source,
a hydrogen line called Lyman-a (1215 A), is thus able to penetrate into the D-region through the
upper atmosphere. Within this altitude regime, the solar dependence (proportional to the solar-
zenith angle) exists to about 70 km. Below this altitude, this dorninance is foreshadowed by
galactic cosmic rays that quickly become the dominant source of ionization by 65 km.

Table 2. Types of Sporadic-E [Wakai, 1985]

Type Description
t The virtual height of this type does not change as the
Flat frequency increases.
T This 1s a flat Es trace appearing at a height equal to or less
Low than the minimum virtual height of the normal E-layer.
c Thas 1s an Es trace that shows a comparatively
Cusp symmetrical cusp at a frequency at or below foE.
h This 1s a trace that shows a discontinuity in height with
High the normal E-layer trace.

q This 1s a trace that is commonly found in the vicinity of
Equatorial | the magnetic dip equator.

r This trace shows an increase similar in shape to the group
Retardation | retardation in virtual height near the top frequency.

a This 1s exclusively observed in high latitudes in
Auroral association with auroral activity.

s Thus 1s a diffuse trace where 1ts virtual height steadily
Slant increases with frequency.

d A weak diffuse trace that appears normally at heights
D-region below 95 km.

k Ths indicates the presence of a particle-E layer.

Remarkably, the normal behavior of the E-region is very close to that put forward by
Chapman in the early days of radio. The E-region is strongly dependent on the sun for its
formation. On average, the critical frequency of this region varies with the solar zenith angle (1)
as [cos t]1/4 which implies that the peak electron density varies as [cos T]1/2. This dependence
on the sun is further enhanced by a weaker dependence on the solar cycle. Soft x-rays can ionize
various constituents in this region. The intensity of these incident x-rays varies considerably
with the solar cycle and is empirically accounted for through R, the Zurich sunspot number.




Despite these solar dependencies, the E-region does not disappear entirely at night but remains
weakly ionized, perhaps by meteors that burn up in the atmosphere [Hargreaves 1979].

Near or "vithin the E-region, there often exists an irregular or enhanced ionization that
results in an electron density inconsistent with the predictions based on the above solar
dependencies. This may result in regions of thick or thin, highly ionized strata or groups of
scattered patches of ionization. These departures from normal behavior are called sporadic-E,
which is in general present to some degree at all latitudes. Both the equatorial and auroral zones
show no seasonal dependence. However, the occurrence of sporadic-E in the equatorial zone
peaks during the day while for the auroral zone, the peak is during the night. At mid-latitudes
there is a seasonal dependence with peaking at noon in the summer.

Over the last decade, a significant theoretical foundation was formulated by Barr [1974],
Pappert and Moler [1978] and others regarding the influence of a sporadic-E layer that
encompasses the nighttime ELF propagation path. Additional studies by Pappert and Shockey
[1978] and Pappert [1980] indicated that a sporadic-E patch roughly 1000 km by 500 km could
account for many of the more commonly observed signal fades in the 3 to 4 dB range.

DIAGNOSTIC INSTRUMENTATION FOR
OBSERVING THE IONOSPHERE

The irregular structure of the lower ionosphere has been monitored through ionospheric
soundings from the earliest days of radio. From its beginnings in 1925, such soundings provided
the impetus for many technological changes that grew out of the understanding of radio
propagation, which these measurements provided.

The ionosounder is a vertically incident, high frequency (<IF) radar that provides
information about the virtual height and critical frequency of the ionospheric reflections. An
ionogram is a recording of the observed delay time of the emitted radio frequency (RF) pulses as
a function of transmitted frequency, generally in the range of 1 MHz to 20 MHz. The virtual
height is calculated from the delay time it takes the transmiited signal to return to the monitoring
point from each reflection(s). Since radio waves travel slower than light, the recorded heights are
somewhat higher than the true reflection heights. The critical frequency is the highest frequency
that can be reflected from a specific ionospheric layer.

For this experiment, ionospheric soundings provided the primary means of detailing the
structure of the lower ionosphere in the vicinity of the receiver. Additional geophysical data,
detailing fluctuations in the earth's magnetic field (magnetometer) and the degree of ionospheric
absorption (riometer), were made on a routine basis by personnel at the Andgya Rocket Range in
northern Norway. Those data coincident with this experiment were requested for processing at
the Naval Underwater Systems Center (NUSC) -- now the Naval Undersea Warfare Center
Division. This information is also presented in this report and provides an overview of the
structure and disturbed quality of the ionosphere. Details of the digital ionosonde, riometer and
magnetometer are given in the Appendix.




DATA COLLECTION

Ionospheric soundings were made with the digital ionosonde located at the Andgya
Rocket Range (geographical coordinates: lat. 69.30° N; long. 16.00° E). The operational
characteristics of the ionosonde employed for this experiment were

« a frequency range of 1.0 to 20.0 MHz,
« a height range of 400 km, and
* a height resolution of 2 km.

Ionograms and ELF recordings were made over the course of two weeks, from 3-7 November
and 10-14 November in 1986.

One ionogram was made every 15 minutes for each hour of the ten day experiment. One
set of ionograms was archived at the site and another copy was sent to NUSC for scaling. The
virtual height and the critical frequencies for each reflected layer were scaled and entered into a
database. If there were no reflections due to ionospheric absorption, this was so indicated. It
should be noted that ionograms were not available on hardcopy for every hour of each day for a
variety of reasons, most having to do with the unattended operation of the HP ThinkJET printer.
However, approximately 80 percent of the potential time is represented. For the ELF data, nearly
90 percent of the available time is represented. Riometer and magnetometer data were available
for the entire experiment.

The ELF signals were recorded on analog tape and sent back to NUSC for data reduction.
All pertinent information, including timing pulses, synchronization, and calibration signals, were
recorded on the tape at the site. Each tape contained approximately 12 hours of data. As the
tapes must be played back in real-time, this is also the amount of time required to examine each
tape. The tapes were processed through an ELF receiver at NUSC.

During data reduction, estimates of relative signal and effective-noise* levels, signal-to-
noise ratios (SNR), and relative signal phase are acquired. By monitoring the level of a
continuous calibration signal, also recorded on tape, absolute signal and effective-noise levels
may also be obtained. Depending on the SNR, these estimates can be obtained as often as every
5 minutes. In general, the receiver manages the reception time to be the minimum required (in 5
minute increments) to achieve a specified SNR. The value of SNR is a function of the receiver
operating specifications.

Riometer and magnetometer data for the entire period were sent to NUSC on a digital
tape for analysis. The quiet day curve was subtracted from each day's riometer values. The
resultant values are plotted for in figures 12 through 21. The three axial, magnetometer values
appear in figures 22 through 31.

* The effective noise spectram level (in dBA/m « V(1 Hz}) is defined as the spectrum level of ELF noise at the
signal frequency divided by the improvement (in SNR), using nonlinear processing.




OBSERVYATIONS

The Space Environment Services Center (SESC) in Boulder, Colorado, reported [SESC
1986a, 1986t ] the following highlights for the observation periods in question. For the week 3-7
November 1986, solar activity was very low. There were several radio sweeps, burst and noise
storms, but no new regions on the sun were numbered. The various daily solar indices showed
moderate activity during the first half of the week. The Ottawa 10.7 cm radio flux was higher
during the first week of experimentation. The radio flux observed values were 82 to 84 during
the first half of the week and dropping to 73 by weeks end. A similar pattern was observed for
the sunspot number (SSN) with an SSN high of 50 being observed on 4 November 1986. By the
end of the week, this index returned to the low values (0 < SSN < 15) normally associated with
the current solar cycle minimum.

The geomagnetic field was unsettled to active on 3 November, the first day of the
experiment. On 3 November, a sudden storm commencement (SSC) was observed at mid-
latitude at Fredericksburg late (at 2354 UT*). The SSC was also observed at high latitude as the
magneto-meter observations at Andgya clearly demonstrate (figures 22 and 23). This event was
followed by minor to major storm conditions on 4 November (see table 3) decreasing from active
to minor storm conditions on the following day. By 1500 UT on 5 November, the storm ended.
The remainder of the period was generally quiet to unsettled.

Table 3. Daily Solar and Geometric Indices [SESC, 1986a, 1986b]

Fredericksburg Anchorage
Middle Latitude High Latitude
Date A K-Indices A K-Indices SSN

03 November | 12 [2-3-2-1-1-1-2-5 | 16 |2-3-4-3-2-3-3-4 46
04 November | 42 |6-5-4-5-5-4-4-4 | 91 |5-7-6-7-6-6-7-4 50
05 November | 18 |[5-5-4-2-1-1-1-2 | 38 |5-5-6-6-3-3-2-3 37
06 November 9 |2-2-3-1-2-1-3-3 | 14 |3-2-3-2-3-3-4-3 32
07 November 5 ]3-1-1-1-2-1-0-2 8 |3-2-2-2-2-2-2-2 27
10 November | 1-2-0-0-1-1-2-2 8 [2-2-2-2-2-1-3-3 11
11 November | 14 |}2-5-4-2-2-1-2-2 | 21 |3-4-6-3-2-2-3-2 0

H

12 November 7 {4-2-2-1-1-1-0-1 10 }4-3-3-2-2-0-2-1 0
13 November 3 |1-0-1-0-2-1-2-1 9 [2-1-2-2-3-3-3-2 0
14 November 5 12-2-1-2-1-1-1-1 7 }2-1-1-3-3-1-2-2 12

*UT, universal time.




No significant proton enhancements were observed at satellite altitudes. A Forbush
decrease® began eazly on 4 November and continued through 5 November. A brief polar cap
absorption event associated with the geomagnetic storm was observed to last for one hour at the
beginning of 4 November.

Solar and geomagnetic »ctivity was much lower for the second week of the experiment.
Solar activity was very low. e SSN values for the second week were well within the current
solar minimum range. Again Juring this second period of measurements, there were no
significant proton enhancements at satellite altitudes. There was a major to minor storm at high
latitudes in the early hours on 11 November. The geomagnetic field gradually reverted to quiet
to unsettled conditions by the end of the experiment.

Typically, the F2-layer is dominant during the daytime. This dominance is clearly
illustrated for the hours 0500 to 1800 UT in figure 1. In this figure, the monthly median values
of the critical frequency of the F2-region for the month of November is presented as a function of
the hour of the day (UT). The critical frequency (fgF2) starts to increase at sunrise, peaking
about an hour after the sun reaches its zenith, then decreasing until midnight when it stabilizes.
Conversely, the virtual height (h'F2) begins to decrease at sunrise, reaching a minimum about the
same time the critical frequency has peaked and then increases until midnight. The inclusion of
the F-region scaling serves as ar additional diagnostic for gleaning the relative stability of the
lower altitudes. This layer is normally present and is the first to reform after an absorption event.

Using the sunrise and sunset times in table 4, periods of ionospheric disturbances (PID)
were derived from scaled ionograms. In general, these PIDs (figures 2 through 11) show the
expected F2-region variation for the day. These figures illustrate both the critical frequency
versus time (the "A" figures) and the virtual height as a function of time of day (the "B"figures).
In all cases, the upper pane in the figures indicates the scaled values for all layers present. The
color coded bar (which is defined on the bottom of each figure) indicates the specific region
present. The lower pane indicates in the color ROSE those periods for which there was a
sporadic-E condition. This catalogs all sporadic-E conditions observed, including type 'a' for
which neither critical frequencies nor virtual heights are attributable. Periods in BLUE indicate
absorption periods. Periods for which no data are available are indicated by the absence of data
in both the upper and lower panes. A good example of the classic F2-region behavior occurs on
12 November (figures 9A and 9B). The F2-region decreases after sunset and seemingly
disappears primarily because of the blanketing of the layer caused by the Es-region. Periods of
absorption can be seen in the late evening hours on 3 November (figures 2A and 2B).

All the ELF reception data (as illustrated in figures 32 through 41) contain three pieces of
information, i.e., (1) the relative signal level (RED), (2) the 90 percent confidence interval
(SILVER), and (3) the number of message measured intervals (MMIs) required for the estimate
(BLUE) or if this number is multiplied by 5, it is the actual time in minutes. Figure 42 is the
hourly average ELF signal strength observed during the ten day campaign period.

* A Forbush decrease generally starts at or a few hours after the onset of a geomagnetic storm. The cosmic ray
intensity may decrease rather sharply for a day to a minimum that can be as much as 10 percent below the original
value. The intensity then increases rather slowly, generally taking several days to recover {Valley 1965].




Table 4. Sunrise and Sunset Times (UT) Over the Andgya Rocket Range

Altitude of 100 km Altitude of 300 km

Date Sunrise Sunset = Sunrise = Sunset
03 November 05h O5m 16h 13m 03h 45m 17h 50m
04 November 05h 08m 16h 10m 03h 49m 17h 45m
05 November 05h 12m 16h 06m 03h 53m 17h 41m
06 November 05h 15m 16h 03m 03h 57m 17h 36m
07 November 05h 18m 16h O0m 04h O1lm 17h 32m
10 November 05h 28m 15h 51m 04h 13m 17h 18m
11 November 05h 32m 15h 48m 04h 18m 17h 13m
12 November 05h 35m 15h 45m 04h 22m 17h 09m
13 November 05h 38m 15h 42m 04h 26m 17h 04m
14 November 05h 41m 15h 39m 04h 30 m 17h 00m

The 90 percent confidence interval depicted for each estimate is based on the average
SNR in effect during the estimation period. The value of SNR is such that each signal estimate
has a rather large uncertainty (approximately +3 dB) associated with it. Ideally, one would prefer
a smaller confidence interval, i.e., one that is less than any changes one wishes to observe.
Along with a smaller confidence range, a finer time resolution (ideally an estimate every MMI or
S minutes) would also be desirable.

The first of these features (a smaller confidence range) is primarily a function of the
receiver's software and is not easily changed. The second feature (finer time resolution) is a
function of the SNR. At this point, because of the near optimum noise processing performed
within the ELF receiver, one would essentially have to increase the transmitter power in order to
increase the SNR.

As mentioned earlier, SESC reported that a brief PCA was observed on 4 November
between 0015 and 0115 UT. Also reported was the major to minor geomagnetic storm
conditions that lasted throughout 4 November and into 5 November and ended sometime around
1500 UT. Both the riometer and magnetometer data for these two days corroborate these
conditions.

On 4 November, the riometer data (figure 13) shows two maximum absorption periods.
The brief PCA event itself is vividly recorded both in the riometer data (figure 13) and the mag-
netometer data (figure 23), in particular the H-axis (DARK BLUE). The other major absorption
period occurred between 0500 and 0645 UT. In both cases, one can see corresponding periods of
absorption indicated on the PIDs (see the lower panes of figures 3A and 3B). Throughout the
day, prolonged periods of sporadic-E conditions are also present. Despite this extensive activity,

8




period occurred between 0500 and 0645 UT. In both cases, one can see corresponding periods of
absorption indicated on the PIDs (see the lower panes of figures 3A and 3B). Throughout the
day, prolonged periods of sporadic-E conditions are also present. Despite this extensive activity,
there are no indications that there was any abnormal behavior at ELF (figure 34). As noted
earlier, the large confidence limits associated with each signal estimate may mask any effect.

The riometer and magnetometer data for S November exhibit the full duration of the
storm activity. Unfortunately, because of a paucity of soundings on 5 November, one cannot
monitor the ionospheric recovery from this particular storm.

The remainder of the experimental period is relatively quiet except for the occurrence of
- two minor storms. Both of these events are clearly recorded by the riometer and the
magnetometer--the first on 11 November (figures 18 and 26), occurred between the hours of
0600 and 0900 UT (K=6 Observed) and the second, on 12 November (figures 19 and 27)
between 0000 and 0300 UT (K=4 Observed). There is neither ionosonde nor ELF data for this
time period.

CONCLUSIONS AND RECOMMENDATIONS

The first ever co-locational, simultaneous measurements of the earth magnetic field,
incoming cosmic energy, and the structure of the ionosphere and ELF signal variations (at a site
20 km distant) were made over a two week period during the first half of November 1986.
During this time period, there were several minor geomagnetic storm periods, as well as a major
storm event. Also occurring was a brief PCA event associated with the major storm.

Despite the presence of prolonged periods of ionospheric absorption interspersed with
sporadic-E conditions, there is no clear indication of any effect at ELF.

A repeat of this experiment would be strongly recommended after the U.S. Navy's second
ELF transmitter becomes operational. This should permit smaller observational times and, on
occasion, smaller confidence limits because of the increased signal strength associated with the
combined transmitting facility.
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