ENERGY AGENGCGCTY

¢l |

¥ ¥ | INTERNATIONAL ATOMIC

\{l‘_\ L"y UNITED NATIONS EDUCATIGNAL, BCIENTIFIO AND CULTURAL GRGANIZATION
T

INTERNATIONAL CENTRE FOR THEORETICATL THYSICS

44100 TRIESTE (ITALY) - P.0.R. 586 - MIRAMARE - STRADA COSTIERA 11 - TELEPIONES: 224281/2:0'%5 ¢
CABLF: CENTRATOM - TELEX 460392+

SMR/9% - 29

AUTUMN COURSE ON GEOMACNETISH, THE IONCSPHSRE
AND MAGHETOSPHERE

(21 September - 12 November 1992)

TONCSPHERIC STRUCTURE
(Lecture 2)

Kenneth Davies

Space Environmeni Laboratory
National Oceanic and Atmospheric Administration

325 Broadway
Boulder, Colorado
U.S.A.

¢o preliminary lecture rotes, iniended omnly for distriburion to oark. cinonio.
- or cxtra copies are available from Room 230.






Internationd1:6eﬁtre‘for-THeoretica]LPhysics
Autumn Course on Geomagnetism, the lonosphere and Magnetosphere

Workshop on Radio Propagation in the Trapics

Lecture I1 R
Ionospheric Structure

by
Kenneth Davies

2.1 Introduction

The electron density distribution in the ionosphere varies with height,
with geographical location and with time. The structure of the ionosphere has
been studied mostly by means of a sweep frequency radio sounder called an iono-
sonde that produces a record of virtual refiection height versus radic frequency.
There are roughly 150 jonosonde stations as shown in Figure 2.7. Another power-
ful technique is the incoherent écatter radar (Farley 1970} that depends on small
amounts of power scattered by individual electrons rather than by the bulk plasma.
These radars are expensive to install and operate and thére are {have been} only
about six in operation. The Tongest incoherent scatter radar in operation is that
at Jicamarca, Peru near the magnetic equator. Broadly speaking the ionosphere is
divided geographically into the following zones: low latitudes, middle lati-
tudes, auroral zones and polar caps -- see Figure 2.2 (Davies 1981}. In height
the ionosphere is generally divided into the D, E and F regions with the F Jayer
being subdivided into F1 and F2 (see Figure 2.3). Other layers which may ﬁe
present inc]ude; the cosmic ray or C-layer, sporadic or nocturnal E (ES) G-layer
above the F2 layer. The temporal behavior is divided into diurnal (sunlit, dark)
seasonal (winter, summer and equinox), and the sunspot (1T-year) variation. We

shall discuss these features in this and succeeding lectures.

2.2 lonospheric Sounding

The iognosonde is a radio transmitter ‘and receiver.which sweeps in frequency

. from balow 1 MHz to about 30 MHz and measures the time of flight, t, of an emit-

ted radic echo to and from the ionosphere. The virtual, or group. height of ve-
flection h' is defined by

hedoct _ . 2.1
as if the pulse travelied with the free space speed c. The photographic
output of an jonosonde, called an iomegram, is illustrated in Figure 2.4 (Davies
1965). The most prominant characteristics are: (2) the existence of several
layers (b} the penetration or eritical frequencies (c} the presence of magneto-
jonic traces and (d) the virtual heights of the different layers. The ordinary,
extraordinary and z-wave critical frequencies are related by {equations 1.23

and 1.24).
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The z-trace is rarely seen in low latitudes. Because the strength of the

earth's magnetic field decays with altitude the separation of the critical fre-
quencies may differ slightly for different layers. By suitable inversion techniques
the electron density profile can be obtained from an fonogram. The real height is
always less than, and may be very much Tess than, the virtual height. The tatter

can be measured by the frequency dependence of phase ¢ {equation {1.12)
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Sample ionograms for low- and high-latitudes are shown in Figure 2.5.



In recent years ionosondes have been improved by employing modern digital
techniques to control: frequency synthesis, pulse shape, freguency sweep, phase

measurement, amplitude measurement etc. Digital ionograms are recorded and stored

on magnetic tape (Grubb 1979, Bibl and Reinisch 1978, Dudenéy 1981) and a sample
is shown in Figure 2.6. From the amplitude measurements, together with suitable

calibration one can determine the variation of absorption with frequency. From

the phase measurements it is possible to separate the ordinary and extraordinary
waves and to determine the angle of arrival using appropriately arranged antennas
-- see Figure 2.7. The doppler shift, 4f, caused by time changes in the reflection

area is given by

_ d
af = - 52 2.6
where ¢ is in cycles
2.3 Layer Structure
2.3.1 The D layer

The D tayer is important in the propagation of radio waves: (1)
because it absorbs energy from radic waves and (2) because it reflects long and
very-long waves. The D layer 1lies between about 50 km and 90 km. This defini-
tion is, of course, arbitrary and it is important to realize that no sharp boundary
exists between one layer and another. The normal ionesonde techmique cannot be
used to determine electron density profiles in the D region because the density
there requires such low freguencies for probing that they would be completely ab-
sorbed. Techniques which can be used to obtain N(h) profiles imclude cross-modu-
lation {Lee and Ferraro 1969), partial reflection {Belrose 1970) and incoherent
scatter (Farley 1970). Some examples of daytime profiles are given in Figure 2.8.
George {1971) showed that the D region is geomagnetically controlled, there are

HF absorption maxima near 20° north and 20° south of the magnetic eguator,

2.4 The E layer

The E Jayer is very important in the reflection of medium-and high-fre-
quency waves. It may also act to prevent waves from reaching the F? layer and,
thu§, produce a lower cut-off frequency for HF radio circuiﬁs. Sporadic-E prop-
agation is occasionally observed as high as 150 MHz and T¥ signals can be trans-
mitted over 1500 km.

During the day the variation of the critical frequency is given by

£, E = 0.9 [{180 + 1.44R) cosy]™ Miz 2.7

Here R is the Zurich sunspot number (12 month running mean), x is the solar
zenith angle and the exponent m varies from about 0.20 to about 0.30.

Some sampie daytime N{h} profiles for the € region are shown in Figure
2.9. It is not possible to obtain direct ionogram information about the lower
E-region (85-100 km) because waves reflected there are heavily absorbed. By day
the hefght of maximum electron density lies between 100 km and 120 km but this
is often difficult to pin down because of the presence of strong sporadic-E
echoes. Evidence indicates that there is a "valley" in the N{h} distributiqn
above the E-layer peak.

After sunset the critical frequency of the E layer decreases rapidly but
reaches a minimum value of about 0.5 MHz several hours before sunrise. At Boulder
there appears to be 1ittle or no seasonal variation of this nighttime minimum
but there is a sunspot dependence, On the average foE is about 0.25 Miz lower
at sunspot minimum with an average predawn minimum of 0.5 MHz.

Unlike the E layer critical frequency the sporadic-E critical frequency
is highly variable with respect to Jocation and time. The critical frequency
foEg can vary from less than fE {p 2-3 MHz) to > 30 MHz at a given location.
Monthly median maps of foEs have been constructed for varicus UT by Leftin,

Ostrow and Preston {1968). Because of the high variability these authors give



also maps of the Tower and upper deciles of the menthly distributions. World
patterns of occurrence of ES indicate that the variations of the different types
of Es are influenced by the geographical location -- Figure 2.10. Some types of
ES, such as that which occurs near the magnetic equator, are well behaved and are
& regular feature of the ionosphere. One problem with sporadic E is that it is
often partially transparent and the upper layers can be seen through it on fre-

quencies above a "blanketing" frequency fiE .. Maps of f E_ (medians and deciles)

have been constructed by Leftin and Qstrow (1969).

2.5 The F1 Layer

The F1 tayer is observed only during the day; it is more pronounced in
summer than in winter, at high sunspot numbers and during ionospheric storms
when foF2 is Jow. The F1 critical frequency is well behaved. To a first approx-
imation

2

£oF1 (4.3 + 0.01 R) cos®? 2.8

or ToFl

n

C cos” e 2.9

in which C and n depend on R and on geomagnetic latitude. A more sophisticated

model has been given by Rosich and Jones (1973).

2.6 The F2 Layer

0f all the ionospheric layers the F2 layer is by far the more important both
because of the higher frequencies reflected from it and because of its height
which gives rise to longer hops. The critical frequencies of the F2 layer are
quite variable and do not depend in any simple fashion on the solar zenith angle.
They are characterized by marked geomagnetic control in low latitudes, as in Fig-
ure 2.11, and by a winter "anomaly" in middle latitudes in which winter daytime
values are higher than in summer -- Figure 2.12.

The foZ, or zero distance maximum fregquency, and other characteristics of

the F2 layer have been expressed in terms of polynomial functions of latitude,

Jongitude and universal time {CCIR 1978) and are stored in the form of computer
software {Haydon et al 1976}, see Figure 2.13. Note the marked geomagnetic
control (humps) on either side of the magnetic equator. This is brought about
by the electromagnetic vertical drift resulting from a west;to-east e}ectric
field brought about by electric polarization in the E layer. The plasma is
Tifted up over the eguator and then “slides" down the magnetic field to produce
the peaks around * 15° of magnetic latitude. In terms of electron density dis-
tribution this produces a dome over the equator giving unusual radio ray paths
-- see Figure 2.14. Sample electron density prof11és above Jicamarca, Peruy for
day are shown in Figure 2,15 and night in Figure 2.16.

In high latitudes, the F2 layer -- and other layers -- is dominated by the
influence of the magnetosphere a region of energetic electrons and protons sur-
rounding the earth. Magnetospheric electric fields, dawn-to-dusk, produces a day
to night E x B convection over the polar caps which s particularly important in
maintaining the F2 layer during the Tong winter night. Charged particles also
produce ionization in the night aurcral ionosphere. The ionosphere, in high lat-
jtudes, exhibits certain features such as: the nighttime trough or slot of low
electron densities; the auroral zone characterized by spread F; the magnetospheric
cleft where solar particles have more-or-less direct access to the ionosphere.
Ionograms frequently exhibit spread-F which indicates the presence of relatively
small scale plasma irregularities that scatter the fncident radio signals.

During evenings, near the geomagnetic equator, marked spread F is observed
on ionograms indicating the presence of intense (depletions?) plasma irregqularities
-~ Figure 2.17. This is preceded by or accompanied by the presence of plumes on

the Jicamarca incoherent scatter radar records -- Figure 2.18.
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Figure Captions

Tonospheric vertical sounding stations

A schematic view of high latitude processes of special interest
to ibnospheric scientists and communicators.

Structure of the jonosphere

Sample ionograms showing iayers and magnetoionic traces

Types of sporadic E

Digital ionogram

SEL Digital HF Radar

SampTe daytime electron density profiles in the D region
Sample day and night N (h) profiles for the E region
Occurrence of sporadic E in different geographic zones
Tonospheric sections along 75th geographic meridian 40°N-10°S
Typical electron density profiles vs sunspot number epoch
Numerical map of the distribution of MUF(zero)F2, or fxF2, in
megahertz

Sample ray path across the equatorial anomaly

Sample daytime electron density profiles over Jicamarca, Peru,
obtained by incoherent scatter radar
Sample nighttime electron density profiles over Jicamarca, Peru
obtained by incoherent scatter radar
Ionogram showing equatorial spread F
Plumes observed by the Jdicamarca incoherent scatter radar at time

of spread F and transionospheric radio scintillation
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