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INTRODUCTION

During the last sunspot maximum in 1980 and 1981, ionograms were recorded at
Brighton, Colorado with a new digital ionosonde developed by the Space Environmental
Laboratory of National Oceanic and Atmospheric Administration (NOAA). cosponsored by
the National Science Foundation. At the time the program was terminated in 1981, only a
small percentage of the data recorded had been analvzed. The results of those samples
indicated that the high quality and high temporal resolution of the data may vield new
information about the dynamic of the ionosphere. especially in the F-region. This justified a
more systematic and detailed study of all the data available. All the F-region parameters
derived from the data show clearly that this part of the ionosphere is highly variable, with short
periods of the order of tractions of an hour. These observations raise questions about the
physical nature of the phenomena like cause. origin. propagation speed. and direction. They
also provide some indirect information about the effects on high frequency (HE) propagation
due to variable tilts of contours of constant electron densities. Mainly for application in the
HE-propagation area. but also for correlations with other geophysical parameters, it is
desirable to have a parameter that can give a first order estimate of the F-region variability . A
will be discussed later. the maximum usable frequency (MUEF)H3000) appears 1o be the most
appropriate indicator for the F-region variability.

We will show that F-region oscillations are present all the tme with varable intensity,
that those vartations are well represented by the MUEB3000), and that correct estimates of the
rate of change of the MUF(3000; and theretore of the F-region variability require a sampling
rate of at least 10 to 12 ionograms per hour, much faster than the standard rate of 4 fonograms
per hour. Since very few lonogram sequences with a high samphng rate exist. we show plots of
the MUF(2000y tor all the rapid sequences taken during the hfetime of the program in the
appendix AL For comparison we also show most of the 15 munute mterval data mn appendin B

THE DATA

A short outline of some ot the features of the 1onosonde s appropruate for a better
understanding of the quality and the information content ot the data. A more complete

technical deseription was given by Grubb (1979). Four receiving antennas located in the corners e
:} of a square with 4 diagonal distance of 100 m were an essential feature of the system. Fchoes e
B retlected from the tonosphere were recorded at two antennas simultancously by a two-channel L omy
_\g receiver capable of recording amplitude and phase of the signal. All data we. > digitized and "vep
N then recorded on magnetic tape. A basic data set was obtained by sounding a pair of fre- -
- guencies (differing by & kHz) and recording the cchoes at all four antennas. which required the
" transmission of four consecutive pulses. The switching of antenna pairs and frequencies was
o performed in such a was that the vanation of the phase with frequency could be separated iton For
from its variation with time. A typical swaitching sequence was Moo JRARL i
DTIC TAB 0
l. pulser  trequency north-south antenna pan Unamnocuuced a
2. pulser frequency i, cast-west antenna pai Justiftcation |
3 pulse.  frequeney f« ShH .. CUst-West antenng pai By -
4 pulse:  frequency § o+ shHz north-vouth antenneg pan »_913151;;{1“1/
Lﬂ&_vni_la-nluy Cedeg
Avail and/er
Dist Special

»
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Usually the time interval between consecutive pulses was 20 msec. This contfiguration in
" space. frequency and time. and the high accuracy of the phase of 1 degree or better permits the
: evaluation of the following quantities (Paul et al., 1974):
X . —  the angle of arrival of the echo from the variation of the phase with antenna
~ location,
a Y . o N .
:.: the Doppler frequency or Doppler velocity from the change of the phase with
W time,
° improved estimate of the virtual height from the change of phase with frequency.
'n'
:-4 The ionosonde operates on a quasi-logarithmic frequency scale and depending on the
:.‘ trequency density selected. a high quality tonogram can be recorded in less than a minute.
» -~ . . . . .
I During the period of time when the data in question were recorded. the digital
. ionosonde was in its final stage of development and extensive testing of hardware and software
N took place. For this reason. data were recorded in an irregular fashion. For example. very few
'F:' data were recorded during the summer months of 1980. Also, during this time it became more
o and more evident that the standard sequence of recording ionograms in 15-minute intervals
. actually undersamples the more or less regular short-term variations of the ionosphere.
Therefore. the majority of the rapid sequences of ionograms were taken toward the end of the
i
2 program.
-l The standard automatic processing routine used for this study provides the following
3 parameters for each ionogram;
“--
o foF2. the critical (penetration) frequency of the F-layer for the ordinary component
( fxF2. the critical (penetration) frequency of the F-laver for the extraordinary
~7 component
:-‘: hmokF2, estimate of the height of the F-region maximum derived from the ordinary echo
-4 trace
o hmx}F2. estimate of the height of the F-region maximum derived from the extraordinary
echo trace
" . . - . .
':'_. Ymok2. estimate of the half thickness of the F2-laver derived from the ordinary echo trace
B YmxFE2, estimate of the half thickness of the F2-laver derived from the extraordinary echo
2. trace
,‘_I‘ . . N .
PS MU BC000). (the maximum usable frequency over a 3000-km path), derived from the ordinary

echo trace

e

I
]

:: tMUF. the frequency of the tangential point of echo trace and MUF curve
ne : : . : .
" hMUE, the virtual height of the tangential point of echo trace and MUF curve

/L. the zenith angle averaged over the ordinary echoes at six frequencies in the

® vicinity of the tangential point

-
Y . - . . . .
ur AZ. the azimuth angle averaged over the ordinary echoes at six frequencies in the
. vicinity of the tangential point
e R the highest frequencey where an F-region echo s observed
"
~
>
“»
>
‘J’
"
-\.
O 2
L
"\3
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While all the F-region parameters listed above do reflect the changes in the F-region.
most of them do not qualify as a good variability parameter for various reasons. For example,
the height of maximum and even more, the half-thickness are both extremely sensitive to small
deformations of the layer and temporal changes of those parameters cannot be casily
interpreted as changes in height or electron density. This is also true for the quantities fMUF
and hMUF. For these reasons the following discussion of a variability parameter will be
limited to the parameters foF2 and MUF(3000).

Approximately 23.000 1onograms recorded at Brighton were processed to obtain for
each one all the parameters listed above. The same type of digital ionosonde became
operational in late 1980 at White Sands. NM. Unfortunately, most of the data recorded there
are, for various reasons. not well suited for automatic computer processing. This is especially
true for the overlapping period of time when both syvstems were operational and only very few
data were available for comparison of the two sites. For these reasons no White Sands results
will be reported here.

THE MUF(3000)

The maximum usable frequency over a 3000-km path can be derived from a vertical
lonogram. The process is based on the relationship between the vertical and oblique frequency
to be reflected at a given height for a given electron density distribution. If the electron density
is a function of height only, it is sufficient to know the vertical ionogram to establish this
relation {Smith, 1939). In the traditional analog process, the MUF(3000) is determined by
overlaying a set of transmission curves on the ionogram. The virtual height-frequency relation
of those curves was published by URSI (Union Radio Scientifique Internationale) in the form
of a table (Piggott and Rawer, 1972). An empirical algebraic expression for those curves of the
form

r=MUF f=(a-b*h)V h’

was derived by Paul (1984). Here h’ is the virtual height.
a=67629and b=-0.0148

For a given ionogram h'(f) the MUF(3000) can then be determined tn a least square fit
using the above expression. The coordinates fMUF and hMUF of the tangential point between
the echo trace and the MUF curve are also obtained in this process. We found that for most
1onograms the frequency, fMUF is on the average approximately 11¢ less than the critical
frequency, foF2. Assuming a parabolic model for the F-layer, this frequency ratio corresponds
to a true height somewhat above the middle of the lower half of the layer. or about 45¢; of a
half-thickness below the height of maximum. This relationship gives a strong argument for
considening the variations of the MUF(3000) to be representative of tempora! changes of the
lower half of the F-laver. An alternative parameter representative of variations of the F-laver is
its maximum electron density or critical frequency. foF2. In our experience. three factors favor
the MUE(3000) over foF2. The critical frequency, foF2. is obtained by extrapolation based on
some modcl assumption and is very sensitive to small changes in the shape of the actual layer.
This means that apparent variations in foF2 are likely to be more influenced by changes of the
slope of the profile in the range used for the extrapolation rather than by changes of the
maximum clectron density. Another factor in tfasvor of the MUE(3000) is the observation that
in the presence of weak spread-F the echo trace in the vicinity of fob2 is often poorly defined.
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while an accurate determination of MUR3000) in a lower frequency range is still possible. An
example tor this tvpe of conditien is shown in figure 1. In addition. the MUF(3000) is more
sensitive to F-region variations than the critical frequency, foF2. This 1s clearly demonstrated in
tfigure 2. Here the lowest part shows the almost regular oscillations of the virtual heights for a
set of fixed trequencies ir the range where the MUF(3000) is determined. The same kind of
variations are clearly visible in the MUF(3000) in the middle section of the figure, Those effects
can stll be recognized in the variation of foF2 (top portion of the figure) but they are relatively
small and more noisy than those of the MUF(3000).

Brighton, CO 80 11 26 20 15 0
800 T
PR
& ."’ . s
4 ~ .
',d - ]
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600 - - Ed _'r;'
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km 400 ] — - "
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F.gure 1. Nuighttime tonogram showing weak spread-F condition
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Figure 2. Comparison of foF2, MUF{(3000), and virtual heights.
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INTERPRETATION OF THE MUF((3000) VARIATIONS

Vartations of the MUB3000) can be caused by changes in height or electron density of
the F-laver or a combination of both. In general. we will not attempt to distinguish between
those effects. but we will study a few examples in greater detail. Figure 3 shows an example of
MUF variations derived from tonograms recorded with different sampling rates. first for
almost 3 hours at a rate ot 30 ionograms per hour: later. only 4 1onograms per hour were
recorded. A comparison of the two data sets gives a strong indication that the lower sampling
rate definitely undersamples the true variation of the F-region. The oscillauions in the morning
have periods of approximately 20 minutes with amplitudes in the order of | MH/z. While the
length of the periods shown is quite common tfor all the data recorded and analvzed. the
amplitudes are often much larger. This is shown in a ditferent way in tigure 4 where large
changes over 6-nmunute intervals of the entire F2-laver echo trace become clearly visible. The
MUE values for the sequence were 2233 2135 and 22.09 MHy/ respectivels: first a decrease
ot T MH/z and then, an inerease of 0.7 MH/z over the short interval of 6 minutes cach.

NUF (3000)
Brghton, CO 15 10 &0

40

ol f\U i \ A

34

0 I8 0 e nute o v

Figure 3 Comparison of different sampling rates.
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N Figure 8 s another comparison between the temporal variations of the MUB(I000)
, .»: (lower part) with the variations of the virtual heights for a set of four fixed trequencies (upper

] part). The pair of the lower frequencies is close to the tMUF atany given time and thewr
r corresponding virtual heights are close to the hAMUF, while the other pair of frequencies is

B ,~

AN reflected close to the peak of the F-layer. This comparison shows that the MUF 18 indeed
BN representative for the F-region variations as seen in the virtual heights over a relatively large
) Y frequency range. The relation between the two gquantities shown is inverse. as expected. a
o decrease of the virtual height corresponds to an increase of the MUEF and vice versa

\
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N A closer look at the upper curves in this figure reveal a time fag between the vanations
e at the higher and lower frequencies. For example, the last minimum between 1500 and 1600
(" appears later at the lower frequencies than at the higher ones. The same is true for the pre-
vy ceding maximum. We also see that relatively short periods of approximately 12 minutes are
e . . . - .

b present between 1430 and 1500 with larger amplitudes at higher frequencies than at lower

o frequencies. Those short periods are also clearty visible in the MUF cunve.

I.,l.

. The high accuracy of the MUF(3000) permits the estimate of its temporal derivatives
" by simply taking the divided difterences of consecutive data. Two examples of this quantity are

shown in figures 6 and 7. The top portion of figure 6 shows the MUF(3000) from noon to
midnight for 12 March 1981, the temporal derivative of the MUF(3000) is plotted in the middle
- of the figure. The 1onograms were taken in 3-minute intervals. The MUFE curve shows a
relatively smooth behavior with some oscillations of various durations superimposed. The
variations become much more visible in the temporal dernvative. We notice that many times the
mugnitude of the derivative can be comparable or even larger than the average rate of decrease
during sunset. In order to demonstrate the aliasing effect. we eliminated trom the original set
L all the data except those recorded at the full 15 minutes. The temporal derivative derived from
those data s shown in the bottom portion of figure 6. The effect of undersampling 1s visible in
different wayvs. For example. the half-hour oscillations between 1200 and 1400 are still present
in the 1S-minute data. but their amplitudes have only approximately halt the value of the origi-

Sl nal data. Some rapid changes of the derivative take place between 2000 and 2100 as seen in the
_..-::: original data. This information. however. 1s lost completely in the 15-minute data. Figure 7
‘-'_','.}: shows the continuation of this data set and includes sunrise. Again. very large magnitudes of
s temporal changes are clearly visible, some even larger after sunrise than during sunrise. A com-
- :: parison of the time derivatives of the original data with the 15-minute data - e.g.. between

( 0700 and 0900 — confirms the earlier finding that significant information can be lost by

y__: undersampling.

.‘:: Angle of arrival measurements provide some evidence indicating that the temporal
o variations observed are not simply upward and downward movements of the ionosphere as a

:a: whole, but rather propagating weak deformations of the F-region. most likely acoustic gravity
0 waves, If we assume 4 propagatioq \'elocit}" comparable to the speed of sound. we can translate
o the temporal. variations 1nto an cstlmatc of the horizontal gradient of the MLTH3(')0())A .()n the

iy other hand. it turns out that for a given location at midlatitudes the relative velocity of the

:: davlhight boundary is also close to the sound velocity depending on the season of the year.

N T'herefore. by comparing the temporal variations at a given time of the day with the temporal
.-:': variations during sunrise or sunset we can teasonably assume that this ratio 1s also in first order
. e valid for the corresponding horizontal gradients. where the ones for sunrise and sunset are
_rg::' relatively well known.

:, Tables la and Ib give some statistics for all the rapid sequence ionograms (10 or more

- ionograms per hour) that were recorded during the duration of the program. We computed
" .1 lower gquartile (1.Q). median (MED). and upper quartile (UQ) of the absolute value of the time
o. derivative of the MUF(3000) for three time intervals of the day: sunrise. dayvtime. and sunset.

s Nighttime values are not shown. since frequently spread-F condition caused relatively large
D uncertainties of the MUF(3000) values. and separation of uncertainties from actual variations
:':::,' would have been difficult and time consuming. For mights, when no spread-F was present. the
Ey data show that the variability at night can be as high as during the day. For a given day. the
- median values are usually largest for sunrise. There s a detinite assmmetry between sunrise and
. 48 sunset. We also see that median values for dasvtime are not much smaller than those tor sunrise

';:' and that the davtime upper quartile is, on the average, close to the sunrnise median. Similarly.
St the sunsct upper quartiles are not much different from the daytime upper quartiles.
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should be used with caution.

Y TR

I'able 2. based on [S-minute dita. has been added tor comparison only and the data

As we have shown above.

we have reason to believe that the

relatively small duvtime medians are the result of undersampling and do not necessarily reflect

lower gravity wave activity. In addiion. 1t should be mentioned that wypically the sunrise

period lasts for about 2 hours and with 15-minute sampling. only 9 data are available. which
mayv not be a large enough sample tor a good estimate of the statisties listed. Generally, the
data i this table give the long-term trend thours) ot the MUBF2000) and are less intfluenced by

the shorter vanations,

la.

Absolute values of temporal changes of the MUEF3000) in MH2 hour for all

rapid sequence tonograms trom 13 February 1980 through 3 January 1981,
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CONCLUSIONS
W conmider three results of this study as highly sigmibicant

(a)  Oscillations of the F-laver are taking place more or less all the ume with varving
intensity and they are well represented by the temporal variation ot the
MU B3000).

(b1 Since the pertods ot those oscllations are relatively shorto correct estimates of the
temporal vanations of the F-region parameters can only be obtained. if at least
10 to 12 onograms per hour are recorded.

(¢)  Temporal vanations and associated tilts. comparable with those during sunrise
and sunset. can occur at any time of the day or night.

For turther discussions we assume a propagation velocity of 300 m ~ and a period of
20 minutes. his would then correspond to a warvelength of 360 km. if we can assume a
pertodie spatial structure. Consequently, spatial sampling should take place with gnid distances
ot less than halt a wavelength or less than 180 km it a true picture of the ionospherie structure
s to be obtamned. With the same velocity in a lincar approximation a rate of change ot the
MUEBC000) of 10 MH/ hour would correspond to a change in a horizontal direction of
approxmmately T MH/z per 100 km. As mentioned carhier the quasi-periodic changes of the
MU B3060) are mainly caused by changes in the virtual heights and to a lesser degree.
changes i the electron density. The variations of the virtual heights correspond to changes ot
the true reflection height over an arca with dimensions of the order of a fraction of a wave-
length. By this refation, the temporal variations of the MUF(3000) are also indicators tor tilts.
In figure 2. the tourth curve from the bottom follows the virtual height very closely where the
MUE 18 determined (hMUE). Comparing this curve with the MUF curve in the middle section
of the figure. we find that an amplitude of the MUF(3000) oscillation of approximately (.5
MH/ corresponds to a variation of the virtual height with an amplitude of approximately 15
km By a conservative estimate a virtual height interval of 1S kmis equivalent to a true height
imterval of approximatels Sto 7 km. Such a change of the true height over a gquarter ot a
wavelength would then represent an average ult for a surface of constant clectron density of
3 ddegrees. Angle oft arrival measurements verity that the equivalent angles of deviation
from vertical propagation are observed frequently.

While this type of consideration can give some first order estimates of some gquantties
defining the temporal and spatial structures, other verv important parameters. such as the
propagation velocity of an acoustic gravity wave i its magnmtude and direction. cannot be
obtained by single site vertical sounding Knowledge of this veloaity could have important
apphcations ranging from locating the sources of gravity waves to directional updating of HE-
propagation conditions. [he Doppler velocity, which can be observed by an ionosonde.
represents only the radial component of the temporal change of the phase path. [t lags in tme
behind the group path velocity (Bennet and Dyson, 19%6) and for these reasons, cannot be
castlvinterpreted as a propagation velocity of gravity waves,

It has to be pornted out that the data set avatlable for this study was insuthaent to
come to definite conclusions about the seasonal or even the solar activity or global dependence
of the F-region variabibity. The data show, however, that the F-region was highly vanable
during the recording pertod and several parameters showed often shorter periods and larger
amplitudes than previoushy antiapated. We further come to the concluston. that no database
exists to deseribe the short-term dyvnamies of the F-region and its corresponding medium scale
structure on a larger scale in space and time. Answers to many remaiming guestions have to

come from a continuous observational program with sufficient temporal (at least 10 1onograms
per hour) and spatial (distances not more than = 200 km) resolution
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COMMENTS ON APPENDICES A AND B

Appendices A and B contain plots of the MUF(3000) for most of the data available.
_ Appendix A shows the data for the rapid sequences ot 1onograms (8 or more ionograms per
. hour). Appendix B shows the standard sequences (less than & ionograms per hour). Some of
the data shown appear unreasonably large or small. In those cases. an accurate determination
of the value was not possible due to spread-F condition or muluple reflections due to intense
detormation of the laver. The continuity of the data derived from the rapid sequences of
I0NOZrams, 1n most cases, gives a clear indication it deviations from the mean trend represent
real variations or poor data. This distinction is often not possible for the standard sequence
data. The MUR3000) values are set to zero. if for technical (e.g.. incomplete ionogram) or
natural reasons (blanketing sporadic F) a correct value could not be obtained.
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It has to be pointed out that cach MUF value shown was derived from an individual
ronogram and no smoothing or filtering was applied.
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RAPID SEQUENCES OF IONOGRAMS
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