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Ionograms, F-region, MUF (3000), ionosonde, virtual heights

lonograms recorded at Brighton, Colorado during the last sunspot maximum are still being studied. Samples show
that the high quality and high temporal resolution of the data may yield new information about the dynamics of the
rirosphere, especially in the F-region. F-region parameters from these data show that this part of the ionosphere is highly
variable, with short periods of the order of fractions of an hour.

This report explains why the maximum usable frequency (MUF) (3000) appears to be the most appropriate indicator
for F-region variations.
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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 b\ the Space Enironmental
Laboratory of National Oceanic and Atmospheric Administration (NOAA). cosponsored h\y
the National Science Foundation. At the time the program "as terminated in 198;I. on!\ a
small percentage of the data recorded had been analyzed. IThe results of those samples
indicated that the high quality and high temporal resolution of the data may yield new
information about the dynamic of the ionosphere, especially in the F-region. This justified a
more systematic and detailed stud\ of all the data available. All the F-region parameters
derived from the data shoN clearl\ that this part of the ionosphere is highly xariablc. \\ith short
periods of the order of fractions of an hour. T hese obserxations raise questions about the
ph'.sical nature of the phenomena like cause. origin, propagation speed, and direction. I he\
also pro. ide some indirect information about the effects on high frequenc\ ( H I-) propagation
due to \ariable tilts of contours of constant electron densities. Mainl lot application in tlhe
H F-propagation area. but also for correlations '.ith other geophysical parameters, it is
desirable to ha\e a parameter that can gi',e a first order estimate ol the 1--region \ ariabilit\. A,,
%kill be discussed later. the maximum usable frequenc.\ (NI (. 3000) appear, to be the most
appropriate indicator for the F-region \ariahilit\.

We v.ill sho. that [--region oscillations aie present all the time with ariaehlc Intenlit
that those \ariations are "ell represented hb' the Mt [ ii 3(l()!. and that corl.'Lt cmlnate of the

rate of change of the MIL'F(300( and therefore of the F-region aiiahilit% rcquirC a sampling
rate of at least 10 to 12 ionograms per hour, much faster than the standard rate of 4 Ionogramls
per hour. Since \ery fe\, ionogram sequences with a high sampling rate exist. \c sho, plots of
the Ni'F(3000) for all the rapid sequences taken during tile lifetime of the piogram in the
appendix A. For comparison %%c also sho'.'. most of Ilic 15 111nute 1int'\al data In appcndi\ B

T14E )A1A

A short outline of some of the fCaturcs o! the ionosonLdC is appropriate lor a bcttc
under,,tanding of the qualit\ and the information content of the data. A more complete
technical description "as gi\en b (irubb I 1"9'. Four rcci\ ng antennas located in the coirnes
of a square "ith a diagonal distance of 1011 m kCrC in e',sential feature of the s\stem. I chocs
reflected from the ionosphere '%crc recorded at t'. o antennas simultaneously b\ a t\.No-ch.ianncl
recei.er capable of recording amplitude and phasc of the signal. All data %A. . digitied and
then recorded on magnetic tape. A basic data set Aas obtained by sounding a pair of fre-
quencies (differing by 8 kH,) and recording the echoes at all four antennas, which required the
transmission of four consecutive mllses. The s\ itching of antenna pairs and frequencies . ias
performed in ,uch a Aa%, that the ',ari.tlon of the phase \\M)ith IrCquCnc Could he ,cparatCd lion or
from its \ariation 'ith time. A t\ pical \% 0iching sequence '.\Iis . 31 I

DTIC TAB 5]
I. pulse: lrcquenc\ t. north-south antentna paiu Uz Lrao'..ad 
2. pulse: I req ucnc. I. cast-vket artilnita pan Just 1t cat u-

3 pulse. trcq lucen , I 1 kll/. z.ts,--\ Csl cii na p,111 -' .. . . ..
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tsually the time interval between consecutie pulses was 20 msec. This configuration in
space, frequency and time. and the high accuracy of the phase of I degree or better permits the
evaluation of the following quantities (Paul et al., 1974):

the angle of arrival of the echo from the variation of the phase with antenna
location,

the Doppler frequency or Doppler velocity from the change of the phase %kith
time.

improved estimate of the virtual height from the change of phase with frequency.

The ionosonde operates on a quasi-logarithmic frequency scale and depending on the
frequency density selected, a high quality ionogram can be recorded in less than a minute.

During the period of time when the data in question were recorded, the digital
ionosonde was in its final stage of dexelopment and extensive testing of hardware and software
took place. For this reason, data were recorded in an irregular fashion. For example. very fev,
data w+ere recorded during the summer months of 1980. Also, during this time it became more
and more ev ident that the standard sequence of recording ionograms in 15-minute intervals
actually undersamples the more or less regular short-term variations of the ionosphere.
I hercfore. the majority of the rapid sequences of ionograms were taken toward the end of the
program.

The standard automatic processing routine used for this study provides the following
parametcrs for each ionogram:

foF2. the critical (penetration) frequency of the F-layer for the ordinary component

fxF2, the critical (penetration) frequency of the F-layer for the extraordinary
com ponent

hmoF2. estimate of the height of the F-region maximum derived from the ordinary echo
trace

hmxF2, estimate of the height of the F-region maximum derived from the extraordinary
echo trace

-moV2. estimate of the half thickness of the F2-la\er derixed from the ordinary echo trace

"Ymxf-2, estimate of the halt thickness of the F2-laver derived from the extraordinary echo
trace

\1 I -3000). (the maximum usable frequency o\er a 3000-km path), derived from the ordinary
echo trace

IM I f. the frequency of the tangential point of echo trace and MUF curve

hMlI-, the virtual height of the tangential point of echo trace and MIUF curve

/I . thL /cnith angle averaged over the ordinar\ echoes at ,ix frequencies in the
icinit\ of the tangential point

\. the a/imuth angle a~craged over the ordinary echoes at six frequencies in the
%icinitv of the tangential point

t I I, the highest frequentc\ khere an F-region echo i, obserxed

N.i
'A0.



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 %ariabilitv parameter for various reasons. For example.
the height of maximum and even more. the half-Thickness are both extremely sensiti\ e to small
deformations of the layer and temporal changes of those parameters cannot be easily
interpreted as changes in height or electron density. This is also true for the quantities fM UF
and hMUF. For these reasons the following discussion of a variability parameter will be
limited to the parameters foF2 and MUF(3000).

Approximatel\ 23,000 ionograms recorded at Brighton \%ere processed to obtain for
each one all the parameters listed abose. 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 oxerlapping period of time when both systems %Aere operational and only \erv fex
data \Nere axailable 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
ionogram. The process is based on the relationship between the vertical and oblique frequencX
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: M UF f (a - b*h') Nh

xas derived by Paul (1984). Here h' is the virtual height,

a = 67.629 and b -0.0 148

For a gixen ionogram h'(f) the MUF(3000) can then be determined in a least square fit
using the above expression. The coordinates fMUF and hMUF of the tangential point between
the echo trace and the MUF curse are also obtained in this process. We found that for most
ionograms the frequency, fM UF is on the aerage approximately I I'( less than the critical
frequency, foF2. Assuming a parabolic model for the F-layer, this frequency ratio corresponds
to a true height somewhat abo\e the middle of the lower half of the layer. or about 45C' of a
half-thickness below the height of maximum. This relationship gives a strong argument for
considering the %ariations of the MI UF(3000) to be representative of temporal changes of the
loAer half of the F-laxer. An alternati\e parameter representati\e of \ariations of the F-layer is

Its maximum electron dcnsit\ or critical frequency. foF2. In our experience. three factors favor
the MUF(3000) over foF2. The critical frequency, foF2. is obtained by extrapolation based on
some model assumption and is -ery sensitive to small changes in the shape of the actual layer.
1 his means that apparent kariations in foF2 are likelx to be more influenced by changes of the
,lope of the profile in the range used for the extrapolation rather than by changes of the
maximIm electron densit. Anothei lactor in fa,,or of the NM H(3000) is the observation that
in the presence of weak spread-F the echo trace in the .icinity of foF2 is often poorly defined.

'.



%k 1h1C an accurate determination of %I V F(3000) in a lower frequency range is still possible. An
example lor this t. pe of condition is sho%%tn in figure I. In addition, the \I 111(3000) is more
Ssensitie to 1--region \ariations than the critical frequeic.x, foF2. This is clearly demonstrated in
figure 2. Here the loxcst part ,hows the almost regular oscillations of the virtual heights for a
set of fixed frequencies ir the range where the M'F( 3000) is determined. The same kind of
"ariations are clearlh visible in the ME:F(3000) in the middle section of the figure. Those effects
can still be rccogni/cd in the \ariation of fot-2 (top portion of the figure) but they arc relatixclh
small and more nois\ than those of the Ni. 1(3000).
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INTERPRETATION OF Till NIUiF(3000) VARIATIONS

~'ka l aat ions, ot thle \1 ( 1i 3000) can he Ca used h\ changes in hecight or electron denit\ ot
the 1--la\ er or a cornihi nation ot hot h. In general. \ c III not attemrpt to distinguish het.%een
those effects,, hut NAC \kvill stuid\ a Icew examples in greater detail. Figure 3 shows an example of
\1 NIT \ ariations deriv ed fromt ionograms recorded w\ith different ,amnpling, rates, first for

*almost 3 hours at a rate of' 30 ionograms per hour:, later. only 4 ionograms per hour were
- recorded. A com parison of thle t\%o data sets gi~ Cs a strong mndication that the lo\ er sa mpling

rate definitix un dersamples the true x ariation of' the F-region. Ih os Iin In h onn
ha\ e periods of- approximately 20 minutes w\ith amplitudes in the order of' I NIH/. While the
length of the periods show is quite common for all the data recorded and analvwed. the
am11plitdes, aIrC Otten Much la-L'er. This is, shok~ n in a d iffererit wkay in t i cure 4 \\ here laree

c ha CCe 0r6-mi lute intr-\ als, of the entire F-2-laxc ecino trace hecomec clearx \ ,isihle. I hie
NI1 I- \alue for the sequeCeC \\ere 22.313. 21 .35. atn d 2 2.09 NI 11 / respectixel\: first, a decrease.,

ol 1I %11 anld then, an increase of 0. -I / o\ er the short Ilter-\ al Of 6 m111intes echII.
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1-12Lirc is another compan son hetN,\cen the temporal \~arrat ions ot the \itI[ F3000)
( o~k er part It it hthe ariat ions of the x irt nal hieights f or a set of tour Ij.\ed treq neneIics (tipper
part. I he pair of' the lowecr frequencies is close to the fN1 NI 1 at any gi~ en timec anid their

corresponding 'virtual heights are close to the hNUTi. while the other pair of' frequencies Is

-, reflected close to the peak of' the F-laver. This comparison shows that the M VF is indeed
representatix e for the F-region variations as seen in the \~irtual height-, o\er at relati\ el large
freCquenc\ rangze. T-he relation betxmeen the tM o qu1antitIes 1,11\\1 nis n\ere a,, e\pected. it
deMcaSe Of the irt Ual height corresponds to an Increase of the \1l F and \Ice \ersa.

Vfrtua Heights for Fixed Frequeniews
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Figure 5. Compar ison of virtual heights and MUF (3000)
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A closer look at the Lipper cur\ es in this ligurc rc\cal a time lag hetween the \ariations
at the higher and lo\%er frequencies. For example, the last minimum hctk,,'cn 15)0 and 1000
appears later at the !ower frequencies than at the higher ones. The same is true for the pre-
ceding maximum. We also see that relati\elh short periods of approximately 12 minutes are

" present between 1430 and 1500 wsith larger amplitudes at higher frequencies than at lower
frequencies, Those short periods are also clear 'b ible in the NIt'F cur\e.

-'' -The high accurac\ of the \I, 1(43000) permit,, the estimate of its temporal deri\at iscs
h simply taking the divided differences of consecuti\e data. I %No examples of this q uantit\ arc

shown in figures 6 and 7. The top portion of figure 6 shows the M (3000) from noon to
midnight for 12 March 1981. the temporal derivative of the Mr'F(3000) is plotted in the middle
of the figure. The ionograms were taken in 3-minute inter\als. The MtUF cutr shoss a
rclati\hely smooth hehax ior with some oscillations of \arious durations superimposed. J he
\ ariations become niuch more x isihlc in the temporal der\ atix e. We notice that mans times the
magnitude of the deri\ative can be comparable or e en larger than the a\eragce rate of decrease
during sunset. In order to demonstrate the aliasing effect. ss e eliminated from the original set

* . .'all the data except those recorded at the full 15 minutes. The temporal deri%atise derised from
those data is sho%%n in the bottom portion of figure 6. The effect 0! undersampling is \isible in
different \as. For example. the half-hour oscillations betw~een 1200 and 1400 are still present
in the 15-minute data. but their amplitudes hasc only approximately half the saluc of the origi-

• nal data. Some rapid changes of the deri\atise take place bet\xeen 2000 and 2100 as seen in the
original data. This information, hossever. is lost completely in the 15-minute data. Figure 7
shows the continuation of this data set and includes sunrise. Again. \ery large magnitudes of
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
undersampling.

Angle of arrisal measurements pro\ ide some ev idence indicating that the temporal
sariations observed are not simply upward and downw~ard mnovements of the ionosphere ats at
sshole, but rather propagating \Neak deformations of the F-region. most likelh acoustic gra\ it.
waves. If we assume a propagation velocity comparable to the speed of sound. we can translate
the temporal variations into an estimate of the horizontal gradient of the MUF(3000). On the

., other hand, it turns out that for a given location at midlatitudes the relative velocity of the
daylight boundary is also close to the sound \elocitv depending on the season of the \ear.
Fherefore. by comparing the temporal variations at a given time of the day with the temporal
,ariations during sunrise or sunset \ke can ieasonablv assume that this ratio is also in first order

* valid for the corresponding horiontal gradients. where the ones for sunrise and sunset are
relatively well known.

'Tables la and lb gise 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
loser quartile (i,Q). median )I F). and upper quartile (IVQ) of the absolute value of the ti

O,. derivatise of the MIUF(3000) for three time intersals of the day sunrise. da\time, and sunset.
Nighttime values are not shown, since frequently spread-F condition caused relati\el\ large
uncertainties of the MUF(3000) values, and separation of uncertainties from actual sariations

w"ould have been difficult and time consuming. For nights. \%hen no spread-F \%as present. the
data sho\% that the sariabilit\ at night can be as high as during the da\ For a gis\en da\ . the
median %alues are usually largest for sunrise. I hcrc is a definite as ninietr bet\ , teen suinrse and
sunset. We also see that median \alucs for datiinie are not much smaller than those for sutinisc
and that the daytime upper quartile is. oi the aserage, close to the sunrise median. Sinilarl.
the sunset ipper quartiles are not much differcnt from the da\ time tipper quartiles.
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Slahle bacd on I 5-minutc data. ha,, been added for comparison only and the data
s11hould he Used \\ it h cautlion. A, %%C h% sho\\ n a boxc. %xc ha\ c reason Ito bcliexc that the
rclatixch small daxtimc mcd ians are the rCsut ot UndCrsampling and do not necessarihx reflect
lo, er grv\it\ xxaxe acti\ it\. In addition, it should he mentioned that txpicall\ the sunrise
period lasts for about 2 hours and %\ ith 15-minute sampling. onh 9 data are ax ailable. w hich
may not he a large enough sample for a good estimate of the statistics listed. Generalh\. the
data in this table gix c the long-term trend (hour,, of the \ 1. F-3000) and are less influenced bx

the ',horter \riatlon '

I ahblC Ia .\ b',oltC \aILiC', ot temporal changes of the MI'Ft(3000) in MH/ hour for all
rapid ,equencC ionograms tirom 13 I-ebruar\ 1980 through 3 Januar\ 1981.
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CON CLUSI ONS

\k Cconsider threeC reCsults' of tisl' stUd%, 111s11 hg l 21 If Carl

a) O scil lat ions oif the F- -axer are taking place more or- less all the timei x ith %ixar\ ing
ir1ttensit\ and thec\ arc %% ell represented h\ the Tenmporal \ ariation of the

h S ,ince the periods ot those oscillations arereatx i shot t. coirct estinmate,, ot the
temlporal \ arrations Of the 1-region parmeters, can onil be obtained, it at least

10I to 12 ionogr anis per hour arc recorded.

c) I emnporat S atiat ions and associated tilts. compa ra ble x\it h t hose d uring, sunrise

-. and sunset, can occur at an\ time of the dax or night.

lot furthert d iscussIins xk e assume a propagation x elocitx (it 3001 mn and a period oft
-1)o tlllIIC h11s kOuJiu then correspondu to at xa',clngt of 6 kml. [I \\C Calli assume at

periodic spit a I structure. (OnlSeq uenltlv. spatial sampling should Take place x it h gild distances
* 0~o less than half a x\ ax elngt h or less than 180 km if a true Pictutre Of the ionlospheric struetutre

is to( he ob-tained. W\ith the samei x elocjtv in at fin ear approxmat ion at late of change of the
a. \1 ( 1- 300(1) of IM \i Hi hour xk ould correspond to a chance in) a hori/ontal direct ion of

ap prox i atecl\ I NI H, per- 100 kmrn As menitioned ea rlier-t hc quLasi-peri od ic chlanrics of thei
\1 I hi 3001 are m lainix caused h\ chanceso' In the \ irt ua I helits and to at lesser dcree.c h\

* hancs in the electron densit.% I he x ariationls Of the x irttial heights, correspond to chancs of
the true retlect ion hewit ox er an area x it h dimensions of the order of a fraction of a x\ axe-
lengIth. B\ tisl, relation, the temporal x ariations of the MI I F(300(0 are also indicators for tilts.

In figu-re 2. the fourth curve from the bottom f'ollo\%s the virtual height xerv closely where the
\1 I Ni F is, determined (h NAit+). Comparing this cur\e w %ith the M [F cur\ve in the middle section
of the figure. xAe finid that an amplitude of the MIIF(3000) oscillation of- approximatel\ 0.5
\1ItH/ corresponds to a \ ariat on of the \ irt Ual height \% in h an amnplit ude of approximatelx 15
kml B\ a eonscrx at xc estimlate at xirt ia I height interx al of 15 kmi Is eq nixalenit to at trtie height

incra of approv\imatelx So kil Such achange of the treheicht craq rtroa
xaxelength %%Oulld then represent an ax erage tIt for- at surface of constant elect ron densitx of

34 degrees,. A ogle: off arrixat nmeasturements x erifx that the equix alent a ngles oft dx at ion

romn xert cal propagat ion are obserx ecd f'req uenlttr

While this t\ pe of consideration can cix c sotme first ordIer estimates, of some qutaot itires

defining the tem poral and .patial st ructutres,. other x cry important pa ral meters. such as, The
propagation xcoct o-a cutcgi\I\\i in its, magnitutde and direction, can not he
obtained hsin gle site xertical sourndi ng K noxx edge of tfisl, x efocit x could haxC e inportaint

*applications ranging froim locating the soturce,, of craxitx xxaxecs to directional Updating (if III -
propagation conditions. I he D~oppler xetocitr. xv hich can be obserxed by an ionosondc.

represents, only, the radial component of the temporal change of the phase path. It lags in time
behind the group path xelocit\ ( Bennet and l xson. 1986) and for these reason,. cannot be

V easilx i nterpretedl as, a propagcat ion x etocitx of crax it\ x xkax s.

* It bas, to be pointed OUT That the data set axailable for tisl' sttid\ x\%s in'iificietl TO
coic to (letfinite conclusions, a bout the seasonal or cx et the solar act ixi (ifo global depetideinct:
of the F-region x ariabilitr . -1ic data shoxx. hox% c r. that the 1--region \xw, hightr x arrabl
during the recording perio~d and sex eraf parameters shox% ed often shorter periods, and larger
amplitudes, than prex iousr atitcipated. We fuirt her comec to the concl usion. that no data base

exssto describe the short-term dx narnics, of the f -regiont and( its corresponding med'(1(ium scale
0 srtetreon a larger- scale in space and timei \nsxkers, To nMan\ rmalitri rig questions has e to

conic f rom at continuous obserxat ionat program x it h stifficient Tem poral fatt least 10f ionograis
per hour)I and spatlat (distances, not more than 200( knif reCsol of ion.

0%

% % % **> ~ ;*P~



. M ' FVI S ON AP P F ND I CIF S A AND) B

' ..Appendices A\ and B contain plots of the M [+|(3000) for most of the data av ailable.
:, Appendix A showks the data for the rapid sequences, of ionograms (8 or more ionograms per
2"-]'hour). Appendix B sho %s the standard sequences (less than 8 ionograms per hour). Some of

the data showkn appear unreasonably large or small. In those cases. an accurate determination
"-" of the \iluc %%at, not possible due to spread-l- condition or multiple reflections due to intense
,,-detormation of the laxer. I he continuit\ of the dlata deri~ed from the rapid sequences of

1 lk) granIll, in most casecs, gixes, a clear indication it dexiations from the mean trend represent
-. real \ariations or poor data. This distinction is often not possible for the standard sequence
:"" daita. -1 he M I'-V00O0) \ alues are set to zero. if for technical (e.g., incomplete ionogram) or
•"natural rea,,on, (blanketing ,poradic F) a correct \alu~e could not be obtained.
, It hat', to he Pointed out that each WIt F aIluc ,hon \%as dermed from an indixidual

ionoulra.il and ilk) ,moothing or filtering , ,,applied.
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APPENDIX A

RAPID SEQU ENCES OF IONOGRAMS
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