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SUBMISSION POR THE DEGREE OF
DOCTOR OF SCIENCE

The published works which follow are
subnitted for the degree of Doctor of Science. They
are divided into three groupsi-

I. Studies of the ionospherio F region

I1. Studies of Aurorse and Airglow
and IIXI, Misoellaneous studies.

The state of knowledge in the field prior
to publication of each paper, and the new knowledge
which the paper has contributed are detailed in this

preface.
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I. STUDIES OF THE TONOSPHERIC F REGION

(a) "The equatorial P region of the ionosphere”
Journal of Atmospheric and Terrestrial Phyeiecs
18, 89 (1960).

(v) *Universal-time control of the arctic and asntarctio
F region”
Journal of Geophysical Research 67, 1823 (1962).

(e) "Lunar variations in the ionosphere"
Australian Journal of Phyesies 9, 112 (1956).

(d) "The behaviour of a Chapman layer in the night ¥
region of the ionoephere®
Australian Journal of Physies 9, 436 (1956).

(o) “"Luni-solar variations in the ionosphere"
_ Australian Journal of Physios, (In print).

Accepted for publication in March 1963 isaue.

(£) "Computations of electron density distributions
in the ionosphere making full sllowance for the
geomagnatioc field"

Journal of Geophysicsl Research 63, 491 (1958).
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II. STUDLES OF AURORAE AND ALRGLOW

(a)

(»)

(o)

(a)

(o)

"Photometric observations of subvisual red suroral
aros at middle latitudes” ,
Australian Journal of Physies 12, 197 (1959).

#Opmervation of a 63008 are ia France, the
United States and Australia®™ (with D,Barbier
and F.E.Roaah)

Annsles de Geophysique 18, 390 (1962).

»Simmltaneous occurrence of sub-visual aurorae and
radio bursts on 4.6 Ke/s"
Nature 183, 1619, (1959).

"Polarisation of the red oxygen line"
Planetary and Space Solemce 1, 112, (1959).

"Photometric observations of 5577A and 6300A
airglow during the I.G.Y."
justralian Journal of Physios 13, 633 (1960).
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111, MISCELLANEOUS 8TUDIES

(a) "The measurement of the drift velooity of
electrons through gases by the eleotron shutter
method"

Australian Journal of Fhysios 10, 54 (1957).

(b) vSome studies of geomagnetic micropulsations"
Journal of Geophyaical Research Qg_, 2087 (1961).
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I, STUDIES OF THE IONOSPHERIC F REGION

(a) "The equatorial F region of the ilomosphere"

The greatest and most persistent concentration

of electrons in the upper atmosphere - the F region - is
believed to be generated by ultra-violet sunlight, bdut
it has long been a matter of concern and interest that
much of its behaviour cannot be simply explained on this
basis. One of the most notable anomalies was discovered
during the second world warj; electron densities are
greatest, not at the geographic eguator, but along two
belts of magnetic latitude ¥ 20°.

Mitra (1946) suggested that muoh of the
ionization comprising the F region might 4iffuse down
from great heights. Diffusion ocours only along the
geomagnetic field lines, so that this ionization would
be guided away from the magnetio equator to the two
sub-tropical belts. Martyn (1954) renewed Mitra's
suggeation but invoked electrodynamic 1ift at the equator,
rather than in situ produotion, as the source of the high
ionization.

The candidate's paper showed that electron
densities at the magnetioc equator and the sub-tropios
are negatively correlated. McNish and Gautier (1949)
had mentioned this briefly before, but a detailed study
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of the correlation, and its use as svidence in support
of Hartyn'e suggeation of ionisation trareport, was new.
The paper then celculated, for the first time, the
latitudinal redistridution of slectron density which
would result from Martyn's process, and thus showed that
it could account quantitatively for the observed
morphology of the equatorial ? region.

This papsr resulted in the candidate belng
norinated a8 the offiocisl Australian delegate to the
International Symposium on Equatorial Aeronomy, Peru,
1962,

(b) "Universal-time control of the Arctic and Antarctic
¥ Region*

This paper revealed for the first time, and

in detall, what is perhaps the most severe case of non-
solar oontrol of the F region knowmto date. It showed
that over a large part of the Southern Hemisphere, includ-
ing Antarotic, Patagonia, and the islands mouth of
Australia, ¥ region sleotron densities vary, not with
lo0sl solar hour, but with Greenwiech time.

In Winter, slectron densities at all etations
reach a maximum simultaneocusly at 07 U.T. In Summer the
eleatron density falls to a diurnal minimum at 10 U.7.
at the South Pole and this depression then travels northward
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a8 a wave. At the Equinoxes, and in the Arotic, F
behaviour is equally remarkable and is described for
the first time in this paper.

(¢) "Luner variations in the ionosphere"

Martyn (1947) pointed out that the newly
observed lunar variaetions of P region height and electron
density could hardly be attributed to the simple rise
and fall of isobaric surfacesj he outlined an alternative
theory in terms of dynamo currents and electric polar-
ization. In 1953 a new theory of ionospheric conductivity
(Hirono (1950), Pejer (1953), Martyn and Baker (1953))
made the quantitative development of this theory possibdle.

The candidates paper undertook this task.

The conclusions reached were in good agreement with the
observed lunar variations in F, parameters. Previously

1t hed been thought (Martyn (1955) ) that a drift

velooity gradient could be responsible for eleotron
density variations in the F region. The candidates

paper showed that, because div(E x H) = 0, drift divergence
is slways zero if produced by polarization fields alone.

The sentence "At night we may consider the
Fy layer to oonsist of a relatively thick bank of ionizat-
ion in the upper region of rapid diffusion and low decay,
with a lower boundery whose position is determined by
the opposing processes of downward diffusion and gravitat-
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ional drift on one hand, and the relatively rapid deoay
of the lower edge on the other" and other passages
accurately state the modern aoccepted theory of F region

formation.

(4) "The behaviour of a Chs layer in the night Fo
(2} D8DMAN 1 &y nigt

region of the ionosphere"
' We have seen that the candidate's lunar tidal
paper foreshadowed the modern diffusive theory of the
F2 region, but this idea was deduced almost simultaneously
by & number of workers in Japan, Australia and England.
It thus developed independently in the three countries.

In Australia, Martyn (1956) showed that under
the influence of diffusion, gravity, and a helght gradient
of loss a Chepman distribution of electron density, at a
partioular height which he deduced, would decay without
change of form. He expressed the opinion that any initial
distribution of electrons would adopt the Chapmen form
at this height.

The candidate's paper extended thisj 1t showed
that a Chapman distribution at any height would maintain
its shape, and at the same time drift bodily towards
Martyn's equilibrium height. DBesides giving an insight
into the behaviour of a layer displaced by tides, this

extension represented a solution of the general case; a
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$hick initial distribution could be considered as the
sum of & saries of Chapman distributions centred at
differant heights. Each of these would drift towards
the common equilibrium height, and the final conditlon
would therefore be a asingle Chapman distributlon at this
height.

(e) "Luni-solsr tides in the ionosphere”

Martyn studied the variation with lunar time
of the height and elsctron density of the P region
measured at chosen solar hours each day. Suoch studles
should throw light on the daily variation of ionospheric
conductivity, but in fact the results were puzsling.

The osndidate's paper showed that this was
bacause of statistleal conservation., Not all of
Martyn's coefficients ware statistically significant.
Those that wers agreed in detail with earlier lunar
tidal theory, and demonstrated that the E region near
the magnetic equator fails abruptly as a dynamo at sumnset,
while thet above Canberra remains active until midnight,

(£) “Computations of electron density distributions

in the lonosphere making full allowance for the

geomagnetic field"
This paper supplied an electronic computor

programme for calculating electron density - height
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distributions from ionosonde records; the programme
has been used by Australian research workers. Sample
reductions, reported in the paper, confirmed theoretical
predictions, that the eleotron density distribution
should be close to a Chapman function.

II1. STUDIES OF ATRGLOW AND AURORAE

(a) "Photometric observations of sub-visual red auroral
arce at middle latitudes™

and, with D, Barbler arnd F. &E. Roaoh,

(b) "Observations of s 6300A are in Frunce, the

United States and Australia"

Before the I1.G.Y., it was throught that,
except during severe magnetic storms, aurorae were
confined to the auroral zones at magnetic latitudes of
ebout 70%, Photometrio observations of D. Barbier in
France, and independently and a few weeks later the
candidate, revealed gquiet red auroral arcs at middle
latitudes and during periods of only moderate magnetiec
disturbance. The candlidate's paper described the arcs
in detail which remains acourate today.

The second paper describes an arc aeen on the

same day in France, the United Statea, and Australia,
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(¢) *"Simultaneous observations of sub-visual aurorae

and radio noise bursts on 4.6 Ko/8" (with G.R.A.

%llim)

It 18 now known that redio noise ls generated
in the upper aitmosphere. Discrete emissions such as
“dawn chorus" are fairly easily recognised, but the
continuous background is masked by the snormously
greater radiation from thunderstorms, ever-present at
some place on the Earth,

The oo-author of this papsr (G.R.A.Ellis)
devised a method of measuring the "auroral" radio noise
during the brief periods between lightning strokes, but
nany people remained sceptical; it was extremely
difficult to he certain that, even during these brief
quiet periods, the ambient level was not determined by
the integrated effsot of very distant electrical storms,
or by distant electrical machinery.

The present paper demonstrated olesely
rarallel variations of suroral light, and radio noise
meeasured by Ellis. This placed the auroral nature of
Ellie's radio noise beyond doudt, The candidate himself

first noticed this co-variation.

(d) "Polarization of the red oxygen auroral line"
Prior to this, substantial polarization had
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naver been found in auroral light. The candidate's
paper described an aurors of 8 July 1958 in whieh the
63008 oxygen ermisesion was 30 per cent plane polarised
with its nagunetic vestor N~S5. The noveliy of this
obeervatlion wes probably a result of latitudej very
fow obsarvers have atudied surorae at e latitude as low
a8 Sydney.

The papef showed that such polarigation would
be expected if ths aurors was excited by electrons
gyrating about the geomegnetic field lines. The
econtempory discovery of the Van Allen belts supplied a

poespible source of such gyreting electrons.

(e) "Ehotometric observations of 5577A snd 63004
airglow during the I.G.Y."

This paper, writter as e report for the Annals
of the 1.G.Y., does not contaln any radically new material.

I1I. MISCELIANEQUS STUDIES

(a) "The measurement of the drift velocity of electrons

through geses by the electron shuiter method"

The drift of electrons under the influsnce of
an eleotric field is an important gquantity in the theory
of the electricel conductivity of ionized gases. When

this paper was written the suthoritative measurements of
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electron drift velocity were those of Nieleen and
Bradbury.

It is now generslly socepted (FPhys. Rev. 117,
1411, 1960) that, becauss of the negleat of elesiron
diffusion, these values were consistly too high. The
oandidate’'s paper first demonstrated this, and derived
the correction which should be applied.

(b) "Some_studies of geomagnetic mieropulsations”
Canadian workers had sarlier brisfly reported

success in recording geomagnetic miorepulsations on

slowly moving magnetic tape. The eandidate applied

this technigue to a comprehensive study of mieropulsations.
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The equatorial F-region of the ionosphere
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Abstract—A compavison of datn from ionospherie sonnders b Chimbote and Panama, shows that
aftornoon critieal T requencies in the equatorial zone are negativoly correlated with those on the same
meridian in the sub-tropical helts. This supports MarryN's suggestion that jonization is transported
from the equatorial zone to the sub-tropies.

The process suggested by MARTYX, eloctrodynamio 1ift at the equator followed by diffusion under
graviby along the geomngnebic fiold lines to the sub-tropical helts, is invesbigated guantitatively, and it
i5 shown that the process can account for the high sub-tropieal electron donsities obsorved,

Tt is shown that the diurnal variation of the corrolation between Ohimbote and Panami eritical
frequencies, the diurnal variation in the height, thickness and olectron density of the equatorial I'-
region, and the diurnal variation of electron ¢ ensily enhancement in the sub-tropics, can all be aseribed
to bhe simple dinrnal eloetrodynumie tide oxpected from the observad magnetic variations, in conjunction
with diffusion along the geomagnetio field lines.

TNTRODUCTION

Durine the second world war it was discovered (APPLETON, 1946; BAILEY, 1948;
Rasroct, 1959) that the afternoon F-region electron density is less near the
magnetic equator than in two sub-tropical belts at magnetic latitudes of 420°
(Fig. 1). MiTRA (1946) suggested that this might be because much of the ionization

20
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Fig. 1. World contours of F-region critical f voquencies, ebruary 1058. Contours ab 2 Me
intervals (as predicted by the Angtralian Tonospheric Prediction Service for the west zone).

comprising the F-region is produced by ultra-violet light at heights up to 600 km,
only subsequently diffusing down under gravity to normal F-region beights;
Jiffusion can occur only along the geomagnetic feld lines so that the F-region
at the magnetic equator is robbed of this ionization which is instead guided to
the two sub-tropical belts (Fig. 2).

Bamry (1948) (for recent work see SKINNER et al., 1954) noticed that the low

. 89



R. A. Duncan

equatorial electron densities are associated with high, thick and multiple layer
formation (Fig. 3). Marryy (1954) suggested that this feature too, might be due
to the inhibition of downward vertical diffusion under gravity, He repeated
MrTRA’S suggestion that diffusion would instead take the ionization via the geo-
magnetic field lines to the two sub-tropical belts, but invoked electrodynamic

Geomagnetic latitude

—_—
bove the equatorial zone.

Fig. 2. The goeomagnetic field g
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Fig. 3. Huancayo true height—electron density profiles. Mean of five magnetically quiet
days, December 1938. A moderate latitude profile is shown for comparison (Huancayo
profiles from ScEMERLING and THOMAS, 1955).

lif, rather than ¢n st production by solar radiation, as the source of the high
equatorial ionization.

MirrA's and Magryx's explanation of the anomalous equatorial Fregion has
been strengthened by the accumulaiing evidence that diffusive settling under
gravity is indeed a controlling factor at more moderate latitudes. Duxoax (19564)
suggested that the opposing forces of downward diffusion under gravity and a
negative height gradient of electron decay should com bine to stabilize the height
of the middle latitude night-time #2-region. Yoxuzawa ( 1956) developed a
similar theory in some detail, for the more involved case of the day-time F2,
Sul:sequently Marryx (1956), Du~cax (1956h) and Dunauy (1956), put the
theory for the night-time F2-region on a quantitative basis. They showed that
under an attachment law of electron decay the eleetron density will assume g
vertical distribution of the Chapman form eentred at a height sueh that

ing .
¥ = g:‘lﬁ % (1)
2 Hp
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The equatorial F-region of the ionosphere

» is the positive ion collision frequency;
g is the gravitational field strength;
4 is the geomagnetic dip;

H is the scale height;

B the attachment coefficient.

To account for the observed height of the F2-region at middle latitudes this
theory requires a neutral particle density of about 1020 particles per cm?® at 300 km
(MARTYN, 1956) and this is much higher than the density adopted by the Rocket
Panel (1952) and widely accepted at the time.

Recent true height analyses (Duxcaw, 1958) (see also BERKNER, 1940) have
shown that the observed night-time electron distribution is indeed close to the
Chapman form. Satellites (ScHiLLING and STeRNE, 1959) have found the high
air densities required by the diffusion theory.

The critical frequency at a given hour and station fluctuates irregularly from
day to day. Wrienr et al. (1957) have mentioned, without published evidence,
that unusually low critical frequencies in the equatorial zone are associated with
unusually high critical frequencies in the sub-tropics. This negative correlation
was evidently noticed by MoNisu and GAUTIER (1949) during their studies of
equatorial lunar tides*. Such an inverse relation supports the idea of ion transport
from one place to the other.

Tn this paper the correlation between critical frequencies at Chimbote near
the magnetic equator, and Panama in the sub-tropics will be studied in some
detail. Tt will be shown that the diurnal variation of this correlation, the diurnal
variation of the height, thickness and electron density of the equatorial F-region,
and the diurnal variation of electron density enhancement in the sub-tropics can
all be ascribed to a simple diurnal electrodynamic tide and MarTYN’s ion transport
process. It will be suggested, however, that in situ ion production at great heights,
as suggested by MiTRA, may be important in the winter polar region. MARTYN’S
process; electrodynamic lift at the equator followed by diffusion under gravity
down the geomagnetic field lines to the sub-tropics, will be analysed and it will
be shown that it can account quantitatively for the high electron densities observed
in the sub-tropical belts.

Tar CO-VARIATION OF HLECTRON DENSITY AT THE EqQuaTOor AND SUB-TROPICS,
AND Orurr EVIDENCE FOR Jox TRANSPORT

In Fig. 4 we have compared the daily fluctuations of critical frequency at
1500 hours at two stations lying near the 756°W meridian, Chimbote, Peru, near
the magnetic equator (magnetic dip 7°N) and Panama in the sub-tropical belt
(dip 37°N). It will be seen that they are negatively eorrelated; above average
critical frequencies are observed at Panama on afternoons whoen below average
critical frequencies are observed at Chimbote, and vice versa.

This lends support to the picture of electron transport. We may suppose that
the intensity of the electrojet and hence the magnitude of the F-region electro-
dynamic lift varies from day to day and that this variation in turn results in a
variation of the quantity of ionization shifted from Chimbote to Panama.

* Private communication, J. W. WRIGHT.
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Part of the variation of the electrojet is no doubt due to the ever-changing
phase relationship of the solar and lunar atmospheric tide. This is the connexion
between the present study and that of McNisu and GAUTIER (1949).

It might be thought that the ideas advanced above could be best substantiated
by a study of the daily values of the magnetic variation and the true height of
the F-region. However, daily true 4, F data are not available; magnetic data
are available, but it is believed that a great part of the magnetic variation observed
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Fig. 4. Critical frequency at 1500 hours at Chimbote against
that at Panama, February 1958.

at the ground is not due to ionospheric electric currents, but to something in the
nature of CHAPMAN and FERRARO’S (1941) ring current much further out.

However, that part of the magnetic variation which shows a diurnal pattern
should be of ionospheric origin and we shall see in a Iater section that this mean
diurnal magnetic variation is in accord with the mean diurnal behaviour of the
equatorial ionosphere and MARTYN’S ion transport process.

Another consideration favours MARTYN’S electrodynamic lift rather than
MritrA’s in sitw production as the source of ionization high above the equatorial
zone. The moderate latitude F-region rises rapidly after sunset. This suggests
that ion production occurs predominantly at low heights.

There is one part of the world where this is not true, the winter polar zone.
Here the atmosphere is not illuminated below 450 km and the maintainence of
the F-region (GATES, 1959) at about the same height, as the moderate latitude
night-time F-region, 350 km, is probably due to diffusion from above.

TransPorT OF TONIZATION FROM THE EQUATOR TO THE SUB-TROPICS
We shall suppose that the ionosphere over a large part of the globe is lifted
perpendicularly to the geomagnetic field by an eastward electric field and sub-
sequently gravitates back along the magnetic field lines to normal F-region heights.
It can be seen from Fig. 2 that this will cause a shift of ionization away from the
equator. We wish to calculate the actual redistribution of ion density with latitude
which will result.
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The equatorial F-region of the ionosphere

We shall assume that the ionization gravitates to the height from which it was
originally lifted. This is not quite true. As we have said ionization is produced
predominantly at, and thus lifted from, a height of about 250 km, whereas it settles
to a height of between 300 and 350 km. This means that from 50 to 100 km more
lift will be needed to produce a given result than our theory will indicate. As we
shall argue that lifts of the order of 800 km occur this is of little consequence.

Assuming a dipole field the equation of a geomagnetic line of force is

r
cos2 0 S (2)
where 7 is the radial distance from the centre of the earth;
 is the geomagnetic latitude;
K is the radial distance of the field line at the equator.

Now at F'2-heights an electric field (¥) perpendicular to the geomagnetic field

(H), causes a drift normal to the plane of £ and H with a velocity

P = —. (3)

That is, for a given electric field the drift velocity is inversely proportional to the
geomagnetic field strength. The distance between adjacent geomagnetic field
lines is also inversely proportional to the geomagnetic field strength so that an
electric field which shifts the ionization from one geomagnetic line to the other
at the equator will, in the same time, shift the ionization from one line to the
other at any latitude.
Now if ionization on the geomagnetic field line
"
—— =K 4
cos? 0, ' )
is moved electrodynamically onto the geomagnetic field line

T

= K 5
cos? §, ) )

and if it then gravitates along this line until it reaches its original height, we have

=17y (6)
and hence
r { ! ! } =K, — K (7)
cos? 0, cos?0, )] — % 1
and from (2)
K, —K,=h (8)
where % is the height of line (2) above line (1) at the equator. Thus
1 1 h
cos20,  cos? 0, oy )
. h
ie. tan? §, — tan®0, = — . (10)
r

93



R. A. Duwcan

This then is the expression giving the change in latitude of the ionization. We
now derive the change in ion concentration.

Referring to Fig. 5, suppose that ionization above the element of area dA, is
carried to the element d4,, then if n, was the number of ions per vertical column

L

Fig. 5. Geometry of ion transport.

at dA, before transport, and n, is the corresponding areal density at d4, after
transport
n dAdy, = ny d4,. (11)

Let r be the radius of the earth, d¢ the element of longitude, and df an element
of latitude, then (11) becomes

ny7 dB; v cos 0; d = nyr dlyr cos 0, dé (12)
. N . 08 6, do, 13
€. = —.
e ’ ! cos 0, db, (13)
Differentiating (10) with respect to 0,
dao
2 tan 0, sec? 0, — 2 tan 0; sec? 0; dT91 =0 (14)
2
o, do, _ tan 0, sec? 0, (15)
df,  tan 0, sec?
tan 6, cos® 6,
=y 2L 1
so that Mg =My 6, cos* 0, (16)
This is better expressed as a function of 6, only.
cos? 0, h
— ] _ 2 ]_
cos? 0 i 0,y (17)
tan? 6, h
— 1 — — cot? 6,
and fant 0, , cot? 0, (18)
Hence Ty = L TRy (19)

(1 — (h/r) cot? 0,)2(1 — (h/r) cos? 0,)%2

To reiterate; if there were originally n, ions per vertical column at a latitude
f;, an electrodynamic lift equivalent to a lift through a height % at the equator,
followed by settling under gravity to the original height, will carry the ions to a
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The equatorial F-region of the ionosphere

latitude 0, determined by equation (10) and the number of ions per vertical column
here will now be #n, as given by equation (19).

It is a property of equations (10) and (19) that m operations with A = Ay,
hoy oo by ... h,, respectively, produces the same result as a single operation

m

with b = > h;. Two 100 km lifts with settling after each lift produce the same

i=1
effect as a single 200 km lift followed by settling. Hence lift and settling can
occur concurrently without invalidating equations (10) and (19).

3

2

it
tlor 200k BL—=" | iniial distribuion_____| _
©
o
(5]
3 I
[+
=
5
Pl
[%)
[
%) N 2
° e Initial distribution | i
=
£ |
E, Olv__
w

Maximum electron densities
] IS5 hr February 1958

Millions of electrons/cm3

-30 -20 R o +0  +20 +30
Magnetic latitude

Fig. 6. The latitude distribution of electron content per vertical column, which would be

produced from an initially uniform distribution by electrodynamic lift and subsequent

settling down the geomagnetic field lines, compared with the mean maximum electron
densities observed at 1500 hours during February 1958.

In Fig. 6 we have used equations (19) to determine the latitude redistribution,
by lifts of 200 and 800 km, respectively, of an ion density initially uniform with
latitude. The observed latitude variation of maximum electron density is shown
for comparison. It can be seen that the transfer process can account for the high
electron densities observed in the sub-tropics, if lifts as great as 800 km occur.

This is not improbable. The magnetic variations observed at Huancayo
(Fig. 7) lead us to expect upward drift during the day and downward drift at
night. Calculations analogous to those of Duxwcax (1956a) for the lunar tidal
case, suggest velocities of about 85 km/hr. The height of maximum electron
density above Huancayo is observed to fall through 300 km during the night
(Fig. 8) and the actual downward drift of ionization must be greater, as downward
movement of the layer profile is largely countered by preferential decay of the
under surface. By day, ion production at a fixed height stabilizes the height of
maximum electron density even more strongly, although the expected upward
smearing of the layer is observed (Fig. 3). It will not even be the case that indivi-
dual ions will reach heights of 1000 km because, as we shall show in the next
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The equatorial F-region of the ionosphere

section; settling down along the field lines is prompt, and will occur concurrently
with electrodynamic lift across them. A drift of 800 km across the geomagnetic
field will not, then, result in an 800 km increase in height, but nevertheless there
is every reason to believe that it occurs and that it is the cause of the enhanced
electron densities observed in the sub-tropics.

The observed distribution of electron density with latitude (Fig. 6) is less
extreme than the computed curves, but this is to be expected because of the
mollifying effect of continuous ion production and decay.

Time, hr

Fig. 11. Time for ionization to diffuse from the equator to various heights
at a magnetic latitude of 20°.

TiMeE REQUIRED FOR IoN TRANSPORT

It remains to be shown that ionization high above the equatorial zone will
gravitate to the sub-tropics in an acceptable time.

The component of gravity along the geomagnetic field lines is g sin y, where y
is the dip, and gas theory (Huxrry, 1951) indicates that the ionization should
gravitate down the field lines with a velocity

v:085gsmx (20)
v
v being the collision frequency of the positive ions with neutral molecules. The
collision frequency term (») causes the settling velocity to increase exponentially
with height and numerical substitution shows that this factor overwhelms the
effect of the great length and low inclination of that part of the geomagnetic field
line above the equatorial zone. Almost all the time for the journey is taken over
the last hundred or so kilometres. The time for the journey thus depends, not
on how far the ionization has travelled, but on the depth to which it settles.

The times needed for ionization at a magnetic latitude of 20° to settle to various
heights is shown in Fig. 11. In calculating these MARTYN’s (1959) estimate of
the collision frequency at 300 km, viz. 1-1 sec—%, was adopted and this was assumed
to decrease exponentially with altitude with a scale height of 50 km, i.e.

y = 11 exp %L sec™L, (21)

It will be seen that ionization settles to 350 km in about 2 hr.
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Tare MEAN DIURNAL BEHAVIOUR OF THE EQUATORIAL F-REGION

The diurnal variation of the geomagnetic field at Huancayo is shown in Fig. 7.
An application of Ampere’s law shows that if the currents responsible for this
variation flow in the ionosphere they should cause an electrodynamic tide with
maximum upward velocity at midday and maximum downward velocity at
midnight. Keeping in mind the great resistance to movement of the height of
maximum electron density (h,,,F2) conferred by ion production at a fixed height
during the day, it can be seen that the magnetic variation and the observed
variation of true A, f'2 are in accord (Fig. 8).
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Fig. 12. Critical frequency at 0600 hours at Chimbote against
that at Panama, February 1958.

Minimum %,,,, F2 occurs at 0400 hours, naturally a little after the time of
maximum downward velocity. Similarly the maximum effect from the day-time
upward drift, which as we have said should be more in the nature of an upward
smearing of the region than an outright increase in A ,, F'2, should occur in the
mid-afternoon.

Consider now the effect these tidal drifts will have on the critical frequency.
The lowering of the ionosphere at 0400 hours should carry it into a region of high
neutral particle density and consequent rapid electron decay. The critical fre-
quency should therefore drop rapidly at this time and, as is well known, it does
(Fig. 9). There is, naturally, a second time-lag here; minimum f,F2 occurs at
0600 hours, a couple of hours after the time of most rapid decay.

The process just described will be effective at both Chimbote and Panama,
so that if day to day fluctuations in foF'2 are largely due to fluctuations in the
amplitude of the electrodynamic tide, Chimbote and Panama f,#2 should be
positively correlated at dawn. Fig. 12 shows that they are.

Upward drift, oceurring as it does during daylight, will also cause a decrease
of the maximum electron density by spreading ionization upwards from the
height of production. The total electron content of the ionosphere will, however,

98



The equatorial F'-region of the ionosphere

be increased as electrons are carried to the high regions of low decay. In the
afternoon therefore, when, as we have said, the effects of upward drift will be at
their maximum, we should expect the critical frequency in the equatorial zone
to be perhaps slightly depressed but the layer should be high and thick. This
store of electrons in the high regions of low decay should give it long life, and a
relatively high electron density should therefore persist after sunset. The observed
equatorial F-region (Fig. 9) has the expected behaviour.

The high ionization in the equatorial zone will tend to gravitate down the
geomagnetic field lines to the sub-tropics. In the mid-afternoon therefore we
should expect f,F'2 at Chimbote and Panama to be negatively correlated and the
phenomena of high critical frequencies in the sub-tropical belts to be most pro-
nounced. Figs. 1 and 10 show that such is the case.
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Universal-Time Control of the Arctic and Antarctic F Region
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Abstract. Electron densities in the F region above Antarctica vary with universal time.
Similar, but weaker, behavior is found above the Arctic. In both hemispheres maximum
electron densities occur close to the time of local noon &t the geomagnetic pole. Some evidence
suggests that during equinox negative ions are produced by proton bombardment and subse-

quently are detached by sunlight.

InTRODUCTION

In midwinter at the geographic poles darkness
prevails from the ground to a height of 575 km,

10n leave from Upper Atmosphere Section,
Commonwealth Scientific and Industrial Research
Organization, Camden, N.S.W., Australia.

yet, as observers in Antarctica discovered dur-
ing the International Geophysical Year, F-re-
gion ionization remains; critical frequencies sel-
dom drop below 5 Mc/s. Furthermore, the poles
experience no daily variation of solar zenith
angle, yet at the south pole F-region eritical
frequencies (f,F.) experience a marked daily
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Fig. 1.

Map of Antarctica.
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Fig. 2. Universal-time diurnal variation of win-
ter (June 1958) median f,F. at six circumpolar sta-
tions. An asterisk marks the time of local noon at
each station.

variation [Knecht, 1959]. Though their nature
is unknown, processes other than electron pro-
duction by sunlight must be important.

Here we study the diurnal variation of f,F, at
those arctie, antarctic, and subantarctic stations
for which data are available at the Boulder data
center. Arctic and antarctic behavior are com-
pared. The seasonal variation of antarctic f,F.
is described. 'This study shows that universal-
time control is more important and widespread
than has hitherto been suspected. In the south,
it is found at some time of the year at all the
stations except Campbell Island (see Fig. 1).
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Fig. 3. Lower plot; mean universal-time varia-
tion of winter (June 1958) median f.F: at eight
antarctic stations: South Pole, Byrd, Little Amer-
ica, Scott Base, Ellsworth, Vostok, Halley Bay,
and Cape Hallett. Upper plot; staggered mean for
statistical control. An asterisk marks the time of
local noon at the various stations.
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Fig. 4. TUniversal-time variation of winter (June
1958) median f.F: at Baudouin and Wilkes. As-
terisks raark the times of local noon.

We attempt to explain some of the observed
phenomena.

DrurNAL VARIATION oF ANTARCTIC f,F,

Winter. Knecht [1959] harmonically ana-
lyzed median f,F. from the south pole station
for 10 winter months, and for each month found
maximum f,F, close to 06 or 07 UT. Figure 2
shows winter f,F, plotted against universal time
for six circumpolar stations in Antarctica; on
each plot asterisks mark the time of local noon,
thus giving ah indication of the longitude of the

CRITICAL FREQUENCY, Mc/s

UNIVERSAL TIME

Fig. 5. Superimposed diurnal variations of f.F,
at Ellsworth for the first 10 days of August 1958.
An asterisk marks the time of local noon.
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Fig. 6. Universal times of diurnal maxima (dots) and minima (crosses) quartile range of
winter (June 1958) foFa for stations above a geomagnetic latitude of 60°S.

station. At some stations, particularly those at
lower latitudes; critical frequencies reach a max-
imum at local noon, but, in addition, at all sta-
tions a maximum occurs near 06 UT.

Figure 3 summarizes the universal-time be-
havior of winter f,F, at eight antarctic stations
above a latitude of 75°, all such stations for
which data are available. The top plot is a con-
trol recommended by Bartels [1948]. Here we
have averaged the data in a meaningless man-
ner. Before averaging we arranged the stations
in order of geographic latitude and gave each a
time advance of 3 hours over the one before it.
The resulting variation is featureless, showing
that no one station dominates the others. The
lower plot is the mean universal-time variation.
Asterisks mark the position of local noon at the
various stations once more; they are well
spaced, so that local time variations should be
largely removed. This plot has a peak, much
larger than any feature on the control plot, at
07 UT. The 07 UT maximum of winter F-region
electron density found by Knecht occurs, not at
the pole only, but over the whole polar cap.

Below a latitude of 75° electron production
by sunlight begins to drown the 07 UT peak.
At Baudouin (latitude 70°) we can see an en-
hancement near 07 UT, but it is overshadowed

by a much larger neighboring noon peak (Fig.
4). At Wilkes, at a still lower latitude, and with
the added embarrassment that 07 UT and local
noon are only 2 hours apart, it is impossible to
deduce any universal-time control from the di-
urnal plot of median eritical frequencies (Fig.
4). :

Nevertheless, there is a way of demonstrating
universal-time control at lower latitudes. In
Figure 5 we have superimposed the daily varia-
tion of f,F. at Ellsworth for the first 10 days of
August 1958. At Ellsworth in August sunlight
is important, but 07 UT and local noon are well
separated, so that the daily curve of f.F. has
two distinct maxima. The two maxima differ.
The noon peak is regular; it occurs every day.
The 07 UT peak is sporadic; on perhaps half
the days it fails to appear. The F region of the
ionosphere over all Antarctica, except the Pal-
mer peninsula, behaves in this manner. Conse-
quently, the daily values of f,F, at 06 UT have
a large scatter; the scatter ean be recognized
even at latitudes, and during months, ‘where
local sunlight controls the median values. Figure
6 shows this; it shows the times of maximum
(dots) and minimum (crosses) scatter of f.Fs,
measured by the quartile range, for. antarctic
and subantarctic stations during June 1958.
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Irrespective of longitude, with only two excep-
tions, maximum scatter oceurs at about 06 UT.

South of Australia (see Fig. 1) sporadic en-
hancement of f,Fy at 06 UT is found north to
Macquarie Island, at a geographic latitude of
54.5° south. South of South America the phe-
nomenon ends closer to the pole, somewhere
between Halley Bay (75.5°S) and Port Lockroy
(64.8°8S). This suggests that geomagnetic lati-
tude is involved; the magnetic pole is skewed
toward Australia. Figure 6 contains points for
all stations within a circle of 60° geomagnetic
latitude; sporadic enhancement of F-region
electron densities at about 06 UT seems to occur
within this boundary.
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Fig. 8. Universal-time variation of summer
(December 1958) median f.F. at seven antarctic
and one mid-latitude station. Asterisks mark the
times of local noon.
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Fig. 9. Universal times of diurnal minima of
antarctic summer (December 1958) median f.Fs
plotted against geographic latitude. Crosses, west-
ern; dots, eastern stations. Vostok is omitted, as it
showed multiple weak minima (Fig. 8).

Equinoz. The maximum of antarctic F-re-
gion electron densities near 07 UT, found during
winter, is found again during equinox (Fig. 7).
In addition, in the western hemisphere at the
equinoxes, & second and larger maximum occurs
near 19 UT. This increase of electron density
occurs only in sunlight; it is not found in the
eastern hemisphere, where it is dark at 19 UT
during equinox. It is not found at any longitude
during winter. The 07 UT peak, also, is en-
hanced by sunlight; it is larger in the eastern
hemisphere, which is sunlit at this time. At the
south pole sunlight is continuous during equinox,
and there both maxima are large [Knecht,
1959].

Summer. The daily variations of antarctic
F-region electron densities are small during
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Fig. 10. Diurnal oscillation of summer median
foFs about 24-hour mean, averaged for twelve
antarctic stations: South Pole, Byrd, Little Amer-
ioa, Scott Base, Ellsworth, Vostok, Halley Bay,
Cape Hallett, Baudouin, Terre Adelie, Wilkes, all
December 1958; Mirny, December 1957. A latitude
adjustment was applied to universal time before
averaging.
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Fig. 11. Universal-time variation of median fFs at Little America and Cape Hallett for
each month from January to June 1958.

summer, but the plots for most stations (Fig. 8)
show a broad maximum and a slightly narrower
minimum. As in winter, the minimum occurs
between 12 and 24 UT. The universal time of
the minimum is plotted against geographic lati-
tude in Figure 9. Points for western (crosses)
and eastern (dots) stations lie together; once
more, local hour is unimportant. Universal time
controls the incidence of minimum F-region
electron density in the summer Antarctic, but
not in a simple manner; minimum electron den-
sity occurs earliest, 10 UT, at the pole, and
progressively later, by about 1 hour per 5° with
decreasing latitude.

We have adjusted time by 1 hour per 5° and
then averaged the median daily variation of
F-region critical frequencies of twelve antarctic
polar-cap stations. Figure 10 shows the result.
The expected standard deviations of the points
are shown too. The mean daily variation has a
trough-to-peak amplitude of about 1 Me/s and
is significant.

The point for Campbell Island in Figure 9
does not fit the general trend. Here, as at sta-
tions to the north in New Zealand and Tas-
mania, universal-time control has disappeared;

F-region electron densities reach a minimum
before dawn, the normal middle-latitude local
time behavior. In the Palmer peninsula—South
America sector, on the other hand, universal-
time control extends north to the middle-lati-
tude station Trelew (43°S). The minimum f.F,
at 01 UT at Trelew (Fig. 8), though not plotted
in Figure 9, would fit there very well. From a
local time viewpoint the Trelew plot (Fig. 8)
would be surprising; f.F, is as high at midnight
as at midday. Not only this, but the amplitude
of the variation over the Palmer peninsula is
greater than it is over the antarctic mainland.
At Port Lockroy, during December 1958, me-
dian critical frequencies ranged from 7 to 11
Me/s, in a manner even more surprising from a
local-time viewpoint [cf. Rastogi, 1960]. We see
then that in summer, in contrast to winter, the
area of universal-time control of the antarctic
F region is skewed toward South America.

SEASONAL VARIATION OF ANTARCTIC f.F:

It remains to describe the manner of transi-
tion from summer to winter behavior. Bellcham-
bers and Piggott [1958] have reported a sud-
den, discontinuous change at Halley Bay. They
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Fig. 12, Universal-time variation of winter
{mean of December 1957 and 1958) median f.Fa at
six arctic stations. Asterisks mark the times of
local noon.

may have overemphasized this point. Knecht
has given plots of the diurnal variation of south-
pole critical frequencies for each month of the
year. Figure 11 of the present paper shows simi-
lar plots for Little America and Cape Hallett
from January to June. The 19 UT peak of the
western stations does fade rapidly in May;
nevertheless these plots, and similar plots for
other stations, including Halley Bay, form a
progressive seasonal sequence.

At western stations (Little America, Fig. 11)
in summer minor peaks occur near 07 and 19
UT, linked by an appreciable saddle on the
07-19 UT side and a shallow saddle or plateau
on the 19-07 UT side. In equinox both saddles
deepen, leaving two distinet peaks near 07 and
19 UT. In winter the 19 UT peak falls away,
leaving a single peak near 07 UT. The reverse
transition occurs from winter to summer. At
eastern stations (Cape Hallett, Fig. 11) the
behavior is similar but the 19 UT peak is absent.
Its place is taken by a less pronounced peak 4
or 5 hours later, sometime between 19 and 24
UT. Little America and Cape Hallett are geo-
graphically close together (Fig. 1); the change
from western to eastern behavior occurs
abruptly. Perhaps this was better shown in
Figure 7, where the difference between the be-
havior of Scott Base and Little America, sta-
tions even closer together, is marked.

At all western stations the equinoctial peak
near 19 UT is most pronounced not in March
and September but in April and September. At
Port Lockroy in April 1958 critical frequences

R. A. DUNCAN

slightly exceeded those of September. At al}
other stations higher median critical frequencies
are found in September than in any other
month.

DrurNAL VARIATION OF ARCTIC f.F,

Winter. Figure 12 shows the diurnal varia-
tion of winter f,F, at six arctic stations. We
have combined December 1957 and December
1958 data. All stations show a peak near 20 UT.
In the western hemisphere 20 UT coincides with
local afternoon, but we have chosen western
stations at latitudes of, or higher than, 80°N,
and here sunlight cannot be important; Byrd
(Fig. 2) and Tikhaya (Fig. 12) at similar lati-
tudes show trivial winter noon peaks. The evi-
dence is not strong, but we associate the maxi-
mum of F-region electron densities at 20 UT in
northern Canada with the maximum at the same
universal time in Siberia, and tentatively con-
clude that in the Arctic, as in the Antarectic,
electron densities reach peak values at a fixed
universal time.

Equinox. The Arctic experiences nothing like
the great enhancement, or the large daily varia-
tion, of the antarctic equinoctial F region. In
the Arctic electron densities vary from § to 7
Me/s in the course of a day and at most stations
are greatest at some time in the local afternoon.
Nevertheless, vestiges of universal-time control
can be found. As in the Antarctic this seems
stronger in April than in March, and so we use
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Fig. 13. Universal time of diurnal minimum of
arctic f.Fs during equinox plotted against geo-
graphic longitude. Dots: Fletcher’s Ice Is., Arctic
6 Ice Is., Arctic 7 Ice Is.,, Tikhaya, Eureka, Alert,
Svalbard, all April 1958. Crosses: Ice Islands,
September 1958.
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April 1958 in Figure 13 to represent spring.
Figure 13 shows the universal time of minimum
foFa at the seven stations above a latitude of
78°N (dots). In autumn universal-time control
is even weaker, but it is still apparent at the
high latitudes of the ice islands, and, as by this
time these have drifted and become effectively
new stations, we also show September 1958
points for them (crosses). At all, effectively ten,
stations minimum f,F, oceurs within 2 hours of
00 UT. At some stations this is close to local
midnight; at others, local midday.

Figure 13 looks convincing, but nevertheless
universal-time control is weak in the Arctic dur-
ing equinox. In Figure 13 we have restricted
ourselves to latitudes greater than 78°N, have
chosen the most favorable month, April, and
have studied only one aspect of the daily varia-
tion, the time of minimum f,F,. In the Antarctic
universal-time control extends to lower latitudes,
is found during all. months of the year, and
during equinox affects the whole pattern of the
daily variation.

Summer. Arctic F-region electron densities
in summer remain almost constant throughout
the day [Coroniti and Penndorf, 1959]. We
have been unable to demonstrate any universal-
time control during this season.

5. SOME SPECULATIONS

Though most noticeable in winter, the maxi-
mum of antarctic F-region electron density near
07 UT is found in all seasons. Knecht’s har-
monic analyses imply its presence at the south
pole, contributing to either the 24-hour or 12-
hour harmonie, in each of the 20 months he
studied. An analogous 20 UT peak occurs in the
winter arctic F region.

Some of the evidence presented suggests that
the orientation of the geomagnetic field with
respect to the sun is involved. In both hemi-
spheres f,F, reaches a maximum close to the
time of local midday at the respective geomag-
netic pole. The daily universal-time variation of
foF is stronger in the Antarctic than in the
Arctic; during summer it is absent in the Aretic.
Perhaps this is because, on the evidence of the
eccentric dipole approximation, the separation
of the geomagnetic and geographic poles, and
hence the daily universal-time variation of the
orientation of the geomagnetic pole with respect
to the sun, is greater in the Antarctic than in the
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Arctic. We might expect the daily transport of
the eccentric geomagnetic field through the in-
terplanetary plasma to cause a tide in the geo-
magnetic field; such an oscillation could cause
trapped particles to be dumped into the F re-
gion.

Though detectable in summer, the peak of
antarctic f.Fs at 19 UT is enormously greater
for a brief period near the equinoxes. Perhaps it
is related to the well-known maxima of auroral,
blackout, and other corpuscular activity near
the equinoxes.

The 19 UT peak occurs only in sunlight.
Though not the prime cause, sunlight enhances
polar-cap radio-wave absorption too; corpuscu-
lar bombardment produces the greatest absorp-
tion when it occurs during the day [Bailey,
1959; Hultquist and Ortner, 1959]. It is be-
lieved that the bombardment produces electrons
in the D region, and sunlight prevents their
subsequent loss by attachment. Attachment is
negligible in the F region, but Donahue and
Hushfar [1960] (also Donahue [1961]) have
predicted that other processes will be important,
The charge exchange reactions

p+0—-H+ 0"

H+0—-p+ 0

and others involving molecular oxygen have
large cross sections. An incoming proton will
thus change back and forth from proton to
neutral hydrogen and will leave a trail of posi-
tive and negative oxygen ions behind it. The
formation of negative ions by proton bombard-
ment and the subsequent detachment of elec-
trons from the negative ions could explain the
observed increases of antarctic F-region electron
densities at 19 UT in the sunlit western hemi-
sphere.
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Summuary

The global pattern of the observed lunar variations of the height and electron
density of the F; region is briefly summarized, new analyses being presented for Canberra
(foF's), Brisbane ('F,), and Washington (' and f,F;). It is concluded that the height
variation has an amplitude of from 1 to 3 km and a phase giving maximum height at
06 lunar hours at moderate latitudes and at 09 lunar hours at the geomagnetic equator.
The critical frequency variation has an amplitude of from 2 to 4 per cent., maximum
critical frequency occurring at about 09 lunar hours at moderate geomagnetic latitudes
and 04 lunar hours at equatorial geomagnetic latitudes.

A theory of lunar ionospheric variations is then presented. The current system
which Chapman has shown could be responsible for the observed lunar geomagnetic
field variations ig taken as a starting point: it is considered that this current must
flow at a height of about 100 km. The tidal winds needed to drive the current, the
potential distribution which will be set up in the dynamo layer, and the resulting periodic
vertical drifts of ionization in the higher layers are calculated. It is shown that the
divergence of drift velocity is too small to account for the lunar variations in f,F,.
These are calculated taking into account the probable height variations of recombination
coefficient and ionization production rate.

The conclusions thus reached are in good agreement with the observed variations
in the F,. It is concluded that the amplitude of the lunar tidal wind near the B layer
is about 45 times greater than that observed on the ground.

I. INTRODUCTION

In recent years periodic atmospheric phenomena have been intensively
studied. These phenomena include variations, in both solar and lunar time,
of barometric pressure, of geomagnetic field, and of the maximum electron
density in the ionosphere; and the horizontal and vertical movements of
electron density peaks. The lunar variations can be safely ascribed to a single
cause, the Moon’s gravitational field, and in this paper an attempt will be made
to relate ionospheric phenomena of lunar periodicity to this field.

In 1882 Balfour Stewart suggested that the daily magnetic variations were
due to electric currents generated in the upper atmosphere by the daily con-
vective movement of ionized air across the Earth’s magnetic field. Subse-
quently Schuster (1908) and Chapman (1919) developed this “ dynamo * theory
quantitatively. Two unknowns were in the theory : the tidal velocity and the
conductivity in the upper atmosphere.

* Radio Research Board, C.8.I.R.O., Electrical Engineering Department, University of
Sydney.
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From the study of barometric pressure oscillations, the lunar atmospheric
tidal movements on the ground are fairly 'well understood, but there is no direct
information about the corresponding movements in the upper atmosphere.
The early workers, Laplace and Lamb, considering perfect isothermal and
adiabatic atmospheres respectively, concluded that the tidal velocity at higher
levels would be the same as at the ground, which is much too small for the
purposes of the dynamo theory ; however, Pekeris (1937) showed that for other
cases it was usual for the amplitude to increase with height. From a study
of the vertical oscillation of the E layer, Martyn (1947) concluded that the
amplification was probably about 200. A new estimate of the tidal velocity
in the dynamo layer will be made in this paper.

Pedersen (1927) pointed out that the HWarth’s magnetic fleld impedes the
movement of ions across it, and for this reason it has been difficult to find enough
conductivity to account for the observed magnetic variations. However,
Martyn (1948b) suggested that because of Hall current and consequent polar-
ization the conductivity would not be as low as Pedersen had suggested, and later
Baker and Martyn (1952, 1953) and, independently, Hirono (1950) and Fejer
(1953) studied the problem of the conductivity of a thin layer of ionization in a
magnetic field in detail and showed that, because of the form of the global wind
pattern and the consequent inhibition of Hall current, vertical and horizontal
polarization fields are set up, which increase the effective conductivity to about
six times the Pedersen value over most of the Barth and to even higher values
in a narrow strip over the geomagnetic equator. This removed the last objection
to the dynamo theory.

The oscillations of height and ion density of the ionospheric layers remained .
to be explained. Martyn (1947) pointed out that these could hardly be attributed
to the simple rising and falling of isobaric surfaces, and he suggested that they
were due to electrodynamical interaction of the dynamo cwrrent with the
geomagnetic field.

The revised dynamo theory of Baker and Martyn enables us to say with
some certainty that the day-time dynamo layer is near the F region and to
calculate the global distribution of electrical potential, which differs radically
from that given by the Schuster theory. We shall here bring forward experi-
mental evidence that notable lunar variations in ionospheric layer heights and
electron densities occur chiefly in the day-time, when the F layer is present.
These facts permit the presentation of a consistent explanation of lunar variations.

We first describe the observed ionospheric lunar variations. Then, taking
the current system: which Chapman has shown to be consistent with the observed
lunar geomagnetic field variations, we calculate the necessary tidal winds, the
potential field set up in the dynamo layer, and the periodic movements of
ionization and changes in ion density which this field will produce in higher
layers. The conclusions thus reached are reconciled with all available meagure-
ments of movements and electron density changes in the ¥, region of the
ionosphere,
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II. THE OBSERVED LUNAR VARIATIONS OF ELECTRON DENSITY AND
HEiGHT oF THE F, REGION

Martyn (1947, 1948a), Appleton and Beynon (1948), Burkard (1948), and
Matsushita (1949) have shown that the main lunar periodicity of F, electron
density and height is semi-diurnal. Maximum heights generally occur at
06 lunar hours at moderate latitudes and at 08 lunar hours above the geomagnetic
equator (Table 1), the only serious exceptions to this rule being Ottawa and
Watheroo, where the tidal amplitudes are small and the phase determinations
therefore not so reliable. Maximum electron densities occur 3-4 hr after
maximum height at moderate latitudes, and about 4 hr before maximum height
at Huancayo.

||||||
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LUNAR HOURS

Kig. 1.—The lunar varietion of AMAX.F, at 13 (top) and 01
(bottom) solar hours. Huancayo 1942-43-44.
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Fig. 2.—The lunar variation of f,F, at 11 (top) and 23 (bottom)
solar hours. Huancayo 1942-43-44.

Analyses made by the Radio Research Board, which will be published in
detail later, show that large lunar semi-diurnal variations of hmex and f,F,
oceur above Huancayo only during the day (Figs. 1 and 2), and above Canberra
only during the late afternoon and evening and for a very brief period
at dawn.

I11. THE THEORY OF LUNAR TONOSPHERIC VARIATIONS
(a) The Lunar Dynamo Current
Chapman and Bartels (1940) have calculated the form and magnitude of
the currents which must flow in the ionosphere if the observed lunar geomagnetic
variations are to be explained in this manner. Figure 3 shows the current at
new moon during the equinox ; a similar current system centred near solar noon



n is the number of months’ data examined. Martyn’s computati

mostly trivial, will
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be found between the old values and those given here.

Washington have been extended to cover twice

the previous number of months’ data

ons have been re-checked using slightly more accurate procedures, and differences,

Martyn’s analyses for foF, Canberra, #'F, Brisbane, and fy

and W'F,

|
W'F, pmax.F, JoFs
Geomagnetic
Station Latitude Investigator P, iy n P, ty n P, 2, n
(lem) (kkm) (Mc]s)

Huancayo — 0-6 Martyn 2-3 9-2 36 5-2 8-4 30 0-14 43 48
Cape York —20-7 Martyn 2-0 6-7 11 2+2 6-3 6 0-12 9.7 10
Kihei +20-9 Martyn 2-6 7-9 15 0-17 11-4 14
Tokyo +25-5 Matsushita 3-0 6-6 13
Durbanville —32-6 Martyn : 0-05 11-6 8
Brisbane —35-7 Martyn 1-3 6-4 82 2-0 6-0 33 0-08 9-3 31
Watheroo —41-7 Martyn 0-3 5-9 85 0-6 8-0 73 0-03 9-9 112
Canberra , —44-0 Martyn 1-6 5:6 48 1-7 5-6 36 0-06 9-0 72
Christchurch . . —48-0 Martyn 0-8 5-2 28 0-05 8:5 28
Washington .. +50-3 Martyn 1-4 5-8 717 0-04 10-2 77
Washington .. +50-3 Burkard 0-09 11-0 12
Hobart —51-6 Martyn 2-0 4-6 10 1-1 5-6 9 0-04 9-3 10
Slough +54°3 Appleton & Beynon 2-0 6-0 0-05 11-0 12
Ottawa +56-9 Martyn 0-6 3-0 24 0-01 11-2 30
Burghead +59-4 Martyn 0:02 8:3 48
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in each case flows at first quarter, full moon, and last quarter. Af intermediate
lunar ages, there is slight distortion of this picture, the day-night boundary
cutting across the current loops. As a result of more recent geomagnetic
analyses, it is known that an anomalously large current of about twice the
intensity shown in Figure 3 flows above the geomagnetic equator.
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Fig. 3.—The system of ionospherie currents which could cause
the lunar geomagnetic variations obsorved at new moon during
the equinoxes. Contours 1000 A apart (after Bartels).

If we ignore the difference between the day and night intensities and the
equatorial anomaly, the current system of Figure 3 is well described by the
funection :

R=2-60J sin? 0 cos 0 sin 2¢ em.u., .......... (1)

R . R
Je—rsineacp’ Io= "5

where 0 is the co-latitude.

¢ i the longitude measured from the Moon,
7 is the radius of the Earth,

Jo is the southward current density,

Jo is the eastward current density.

This function represents a current system with vortex centres at ©=45°4-m90°
and 6=54-7° and 125 -3°, and with a circulation per vortex of J. A clockwise
vortex with a day-time circulation of 500 e.m.u. flows in the first octant (Fig. 3)
so that J has a day-time value of —500. Wae shall take the equatorial eastward
current j, to be double that given by (1), so that

Je=(-20/r)] sin 2. ........ ... ... .. .. (2)

The ¥ region must carry the substantial part of this current during the day
and early evening, and, as detectable lunar variations in the F, are almost
entirely confined to these hours, we shall not concern ourselves with the problem
of the height distribution of the relatively small night-time dynamo currents.
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(b) Lunar Tidal Winds in the Dynamo Layer
Barometric observations show 2 Junar pressure variation (p) on the ground

of the form
p=sin® § cos Qe et (3)

TFejer (1953) was the first to point oub that the Barth’s rotation enhances the
electromotive effect of the tidal winds, as Coriolis deflection induces east-west
air motion, i.e. air motion normal to the geomagnetic field, at higher latitudes.
Taking account of the Barth’s rotation, then, southward and eastward wind
components
vg= —008 f sin 29, );
vo=—(1—0-59 §in? 0) cos 2¢ '

may be expected (Gold 1910). We are free to choose & suitable phase and
amplitude for these winds in the dynamo layer. '

o
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Fig. 4—The global distribution of tho lunar gmvitat-ionnl tidal
winds in the dynamo region. An arrow one division long
represents @ velocity of 100 cm/sec.

Although the conduction of the ionosphere depends on the formation of
Hall polarization, Baker and Martyn have shown that the dynamo current
at high latitudes is parallel 10 fhe dynamo electromotive force, and maximum
eastward wind musb therefore occur at the time of maximum poleward current,
that is at 00 and 12 lunar hours. The phase of the winds in the B layer must

therefore be opposite to that on the ground with components of the form

Vg ="Umax. cos O sin 2¢, (5)
Vo =Tmax, (1—0°59 e eos2

The wind velocities My be estimated by equating the dynamo electro-
motive force to the ohmic potential drop around a circuit which runs along the
meridian =0 from the equator to the pole, back to the equator along the
meridian =4, and then along the equator t0 the starting point : this corres-
ponds very clogely to the cirenit of maximum dynamo voltages and currents.
The dynamo field Ty along the meridians is

Bg=Hvgy +vnovremrerr (6)
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Where H,, the vertical component of fhe geomagnetic field, equals —¢ 622 cog 0.
No dynamo field is generated along the equator and the total e.m.f. around
the circuit ig therefore

i
e.m.f, =2f —0:622 cos 0 Vmax. (1 —0-59 gin? 0)rd0
0

O (7)

i.e. from ( 1), equal to (1:49x108).7. Along the equator the conductivity ig
1:64x10-7, s0 that from (2) the potential drop is

5-207 o
. e i
mﬁnmm 20dp=(1-58 x107)J.

Hence the total Dbotential drop around the circuit iy

1-85x10%7. . (8)
Hquating (7) and (8), we find
Pmax =130 emfsec. ... (9)

This is about 45 times a8 great as the lunar tida] wind observed on the ground,
The B region winds are shown in Figure 4,

(¢) Polarization ang Hlectric Figlds in the Tonosphere

The E-layer dynamo current will induee ])¢>I:L'|'izzrt;f:)11, the horizontal
distribution of which can be mogt easily deseribed by dividing it into two parts,
an equatorial Schuster Polarization and g Hall polarization at the centre of -
each current loop.

The intensity of thig Polarization ig independent of the diurnal variationg
of conductivity, as the dynamo current ig Proportional to the ion density and
the induced Polarization ig broportional to thig current divided by the ion
density. We may therefore use noon values of current and conductivity in
our computations without loss of generality.,

The latitude variation of conductivity arising from the variation of golar
zenith angle and magnetic dip is important, Although a more brecise invegt;i-
gation i3 by no meang intractable, we ghalj adopt the simplified picture of Baker
and Martyn (1953): a4 region lying within 7° ol fhe geomagnetic equator jg
taken to have g height integrated direct; east-west noon conductivity
2,=1-64x10-" ém.u. Above the rest of the Barth, g direct conductivity
Z=6-4x10-? em.u., a Hall conductivity 3,-- 17.3¢ X10-*emu, in ghe
northern and —1.3¢ x10-8 e.m.u. in the southern hemisphere, and an effective
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conductivity 23:21—1—2%/21:3 . % 10-8 el will be assumed. The meaning
of these four conductivities has already been described by Baker and Martyn
and will be clear from the context.

The dynamo electromotive forces (Fig. B) do not form closed circuits bub
converge on, or diverge from, four points spaced around the equator 80 causing
« gchuster ”’ polarization, the geographical distribution of which may be described
approximately by the expression

y, =V sin® 0 008 2P erereritt (10)
It is this polarization which closes the current loops by producing flow along the
equatorial parallels of latitude 80 that
F S (11)

where Eg, the eastward field, equals

vV, _ gypmex. gin 0 .
7 8in Uﬁp—zvs o 2¢-

Therefore, from (2)

; max.
5-20J _2V5" Ty [ .cceeneenenee (12)
r ¥
e, VR =793 x10° .. and the extreme potentials due to horizontal

polamization above the geomagnebic equator are 480V,

CO-LATITUDE
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Fig. 5.—The global diatribution of the oleotromotive forces m
the dynamo Tegion. An arrow one division long ropresents an
olectromotive field of 100 mV [lem.

Because the jonosphere has @ Hall conduclivity, initially 2 component of
current will flow at right angles t0 the dynamo slectromotive forces, but ag
such currents all converge (or diverge) from the vorfex contres, they will be
rapidly countered by the accumulation of Hall polavization. As is explained
in Baker and Martyn's papers, this Hall polarization then causes its own Hall
current to flow around the current loop, augmenting the dynamo current and
raising the effective conduetivity from ¥, to PR D1 ) Of the observed
non-equatorial current, therefore, & part pvopm't.iomul to X, is due dirvectly to
the dynamo voltages, but the major part, pm];mort.iuml to S3/2; (and thus 2
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fraction %Z/(x2 +33)

=0-83 of the whole) is caused
Polarization,

indirectly by the Hall
The Hall current function By, is therefore from (1)

Ry =0-83F,
. oR
fmo=0-83
T (13)
JH, o= —0 '83776.

This current; is rel

ated to the Haj field E,
by the relationg

and polarization Potential Ve

. oV
Jm, 9 =22EH, e = _Ez,,ﬁp’

V. eeeen. (14)
Joo=—3,Hy g— +2, Tag

Hence Vi varies in the Same manner ag R, that is,

Vyg=2-60ynax
pmax. _ ‘OZSSSJ: 143405 xc 1010
2

"8in% 6 cos @ sin 20,

V=[+4300x2-60 sin? § cos 6 gin 2¢

—380 sin? 6 ¢og 2¢] X108 e.m.1u.

This is shown in Figure ¢,

12 18 24
LUNAR HOURS

Fig. 6.—The global distriby

tion of horizontal polarization in
the dynamo region.

Contours 100 v aparb,

along the highly conducti
Hence, generally,
V=[4780 gin? 0, cos 0

-

£ 8in 29 —80 gin? Opcos 2¢] 108, (18)
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where 6 is the co-latitude at which the region connects via the geomagnetic
field lines with the dynamo Jayer. From the properties of the geomagnetic

field
gin? Bg=(rg/r) 8in? 0, ..o (19)

5o that the potential function for the complete jonosphere is

V =[ £780(r,/r) sin? 94/{1—(rg/r) sin? 0}sin 2¢ —80(rg/7) sin? 6 cos 2¢] X108,
V o[ 780 sin? 04/{1 —(rg/r) sin® f)sin 2¢ —80 sin? 0 cos 2¢] x 108, .. (20)

In the E region the total electric field will be the sum of the electromotive
and electrostatic fields, but due to the greatly decreased pressure at higher
levels, which will entail & much greater reduction of gravitational tidal power
per unit volume than of viscous and electrodynamic damping, it is likely that
in the I region gravitational tidal winds are negligible and that the electrostatic
field is the only one which need be considered. There will be horizontal air
movements in the F, due to the interaction of the electric currents produced
by the electrostatic field and the geomagnetic field, but, as Baker and Martyn
(1953) have shown, the e.an.t’s developed by these will be back ean.f.’s and
will merely reduce the offective electric field. This effect will be discussed later.

(@) Vertical Drift of Ionization in the Ty Region

Martyn has shown that, because of the geomagnetic field, an electric field
in the ionosphere produces a drift of neutral ionization. This drift is the same
as that given by Ampere’s law ; an eastward current being agsociated with an
upward drift of ionization.

A discussion of ion drift in the B region is difficult because of the very rapid
change with height, in thig region, of the conduetivity per ion pair ; we shall
confine ourselves to the very much simpler problem of ion drift in the F, region.
Here there is no Hall current so that an castward field will cause an eastward
current. Martyn (1953) has derived the relation

v, :]1—913 QOB Y vevmmmn e (21)
for the upward drift velocity (»,), where He is the eastward electric field, H the
geomagnetic feld intensity, and ¢ the geomagnetic dip angle.

As has been pointed out (Baker and Martyn 1953), this relation will need
modification if the air is set in motion by the drifting ionization. A rough
meagure of the time which air will take to acquire the velocity of ionization
drifting through it is oiven by t=p/ (cH?), where p is the air density and o the
conduetivity. If we evaluate this tor the F, region we find that ¢ is of the order
of an hour ; independent of the air pressure. Hence some air motion probably
occurs. However, vertical air Avift will be prevented by the Rarth’s gravitational
field and even horizontal motion will be affected by @ vedistribution of air
pressure because the horizontal component of the jon drift has appreciable
divergence. Air motion is therefore probably & second order effect, but it
should be remembered that it will reduce the vertical ion drift to some extent,
particularly ab high latitudes.
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Going back to equation (21), we have from the properties of the geomagnetic
field

sy sing
H "~ 0-311(1 43 cos? )’
also,
o — A
Hypres 7 8in (ag’
80 that
ov
T OB A S cor 05 e (22)

From (20), then

—80-5502 04/(94 5 cos? 0, +1) =L
v, =80 3_——1—_{—:;—(5870_—‘ T [cos (2CP —arctan —9-75 cos 9,5)]'

.................... (23)

Hence maximum upward drift velocity should oceur at 06 lunar hours over
most of the Barth. The theoretical variation of the amplitude of the drift

200 p—

100
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| | | | | | |
a aov 50° 90°
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Fig. 7.—The variation with co-latitude of the vertical
lunar drift velocity at 800 km.

with latitude is shown in Figure 7. Abaove the geomagnetic equator the time of
greatest upward drift depends on the height, being 09 hours in the dynamo
region (100 km), 07 hours at 300 km, and approaching 06 lunar hours at very
great heights,

(e) Lunar Periodicity in the Height of the F Region
Integration of equation (23) shows that if the F region were translated
up and down by the drift it would oscillate through about 12 km, maximum
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height being reached 3 hr after the time of greatest upward velocity. However,
this large movement does not occur because the limited life of electrons (about
an hour in the day-time F, region) prevents them from being shifted very far
from the height at which they are produced. Even at night diffusion and the
height gradient of the recombination coefficient tend to stabilize the height of
the F, layer: if the layer is shifted upwards it tends to diffuse down again : if
the layer is shifted downwards the accelerated decay of the lower edge will
tend to restore it to its original height. Vertical drift, therefore, will perturb
the height of an ionospheric layer rather than shift it bodily.

Suppose that we have in an ionospheric region, ionization, recombination,
and a redistribution of electrons by a solar tide. The equation of continuity
of the electron density is

?a—lzzl—och-v,g—l—hv— %ﬁ, .............. (24)
where N is the electron density, ¢ is time, I is the rate of ionization, « is the
recombination coefficient, v, is the velocity of vertical drift, and b is height.
In time the electron density will approach a value N, such that oN,/0t=0.
Tf the electron density is perturbed from this value by an amount n so that
N=N,+n, and the perturbing cause then removed, the equation of continuity

becomes

on o, n

5= —2aN n N T
The only term on the right of this equation which represents a tendency for the
perturbation to decay is the first, —2aN m, the other two terms merely show
that the electron density perturbation is redistributed by the solar tide. The
electron density perturbation » decays, then, according to the law

onjot=—2aN n,
or .
n=exp (—20Nt), «evirerieaians (25)

g0 that 1=1/2aN may be taken as the * relaxation time ”’ of the ionosphere.

Tf this relaxation time is much shorter than 3 hr, we should expect an
ionospheric layer to be displaced a distance Ah=v,t by a vertical drift v,. Of
all time intervals r, that beginning 3t seconds before and ending it seconds
after the time of maximum upward drift, covers the period of greatest upward
drift, and the electrons should be ab their greatest height 3t seconds after the
time of maximum upward velocity. The following more rigorous treatment
ghows this picture to be correct.

If AN /dh is the height gradient of the electron density, then in the presence
of 2 uniform vertical drift v, the equation of continuity becomes

aN , . N
W =T —aN —’Ura—h y
that is,
oN

. N
—ét— —_—2aNn —Q;rgh—, ................
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When the relaxation time is short, the layer will reach a new equilibrium
state so that 0N/ot =0,

and hence

oN
n:vrﬁrﬁ. ...................... (27)

This relation implies that to the first order we can consider the ion density
perturbation at a given height to be due to the layer being raised undistorted
a distance Ak where

Abh=v. .o (28)

(It should perhaps be pointed out that the electron density perturbation at a
given height is deduced in (27) merely as a means of obtaining the height
perturbation. It is not the observed quantity, the perturbation of the value
of the maximum electron density. The latter will be calculated in the next
section.)

It is difficult to obtain reliable estimates of ¢ in the F, but if we accept
S. K. Mitra’s (1952) values of recombination coefficient, we obtain a midday
figure of 4000 sec. From this we should expect a day-time Iunar height variation
of about 6 km, maximum height occurring at 06 lunar hours at moderate latitudes
and 07 lunar hours at the geomagnetic equator. Even larger amplitudes and
later phases would be expected at night. However, we shall show that at F,

heights, and particularly at the height of the night #, (300 km) diffusion becomes
a process important enough to keep the effective relaxation time of the ionosphere
short.

The greatest height at which reasonably reliable rocket measurements of
temperature and mean free paths have been made is 200 km (Rocket Panel
1952), and on this evidence the coefficient of diffugion of air (K) at this level is
roughly 7-5x10% em?/sec. The diffusion coefficient will increase with height
due fo the increasing temperature and decreasing pressure. Pressure decreages
exponentially with height and will have much the greater influence so we shall
write

K=(T-5x10%)eMH . . . ... ... ... (29)

where h/H is the reduced height above our 200 km datum level.

Huxley (1952) and others before him have shown that the electrons and
positive ions in the ionosphere are held together by electrostatic attraction,
the electron-positive ion gas diffusing at twice the rate appropriate to the positive
ions alone. For our purposes, it will be sufficiently accurate to agsume the
coefficient of diffusion of the latter equal to that of neutral molecules, so that the
coefficient of diffusion of the electron-positive ion gas (H;) is

K,=1-5X10%eME, . . ... .. .. . . . . ... (30)
The equation of continuity for the electron-positive ion gas is

oN . oN
~ =div [‘Ktﬁ

= —WN], .............. (31)
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where W is the drift velocity of the ions under gravity. It may be shown from
kinetic theory that
Kmg_ X

7 DA

g0 that, as is well known, diffusion and gravitational drift are in equilibrivm

when
N=Ngexp (—h/H)y «orveoerrerrrtt? (33)

where H,, the scale height for the electron-positive ion gas, will be twice that
for the neutral molecules (H).

1t is clear, however, that in an jonospheric layer gravitational drift and
diffusion will not generally balance one another ; indeed, on the uynder side of
the layer, the side observed, they hoth cause @ downward flux of jonization.
The total effective velocity of this flux (U) is

oN

U=—Egag+ W
or
] oN 1
U—’:—‘Kl(m—‘—ﬂ.—‘l). .............. (34)

‘We have not yeb considered the effect of the geomagnetic field. Tons can
gravitate and diffuse only in the divection of this field. If the dip 18 § the
components of ion density gradient and gravitational field in this divection are
the corresponding vertical components multiplied by sin y. Mo find the vertical
component of velocity we musb multiply by sin b once again, so that

- oN | 1\ e

U———Ki(NaH+Hi) sin? ¢, \

I (35)
1

N :
U= -—-2K(m+§ﬁ) sin® 4.

At night we may consider the I, layer to consist of a relatively thick bank
of ionization in the upper region of rapid diffusion and low decay, with a lower
boundary whose position is determined by the opposing Processes of downward
diffusion and gl'avitatimml drift on one hand, and the relatively rapid decay of
the lower edge on the other. A reasonable value for the scale height of the 7y
region is 30 km. We shall take the semi-thickness of the T, to be 60 km 80
that the mean value of ON |k is N ma. /(6 % 10%). The mean value of N may be
taken a8 3Npax, 80 that

4 i 1 1 :
Pe=ile® xl”“}[w% xmn] sin® et

that is,
= —1750 sin? npeh/H, ............................ (36)
and hence

%7 05 1070 I PEMEL e s (37)
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An upward electrodynamic drift (v,) will push the 7, layer up until the
downward diffugion velocity (—U) is increased by an amount equal to v,
Hence, if in the relation

5
dk:—% cosec? o HEAY ... . (38)

Wwe put --dU equal to the upward drift »,, a4 ig the displacement which thig
drift will cause, that is,

10° 2 Le-h/H
Ah=ﬁcosec T T (39)

or
105 143 cos2 §
Ah_ﬁ 4 cos? §

The F, layer ig about two scale heights above the 200 km level. We shall
put therefore,

e~hHy

h/H =2,
and
2, =105 em/sec,

corresponding to the situation at co-latitude 55°,
This gives Ah=—1 .26 km.

bination, but it indicates approximately how much diffusion will limit the
amplitude of the lunayr height variationg,

It seems therefore that, at moderate latitudes, the amplitude of both the
day and night Iunay variation of 'F, should be abouf g kilometre, and that
maximum A’ and ks, should ocenr close fo the time of maximum upward
drift velocity ; 06 lunay hours. Table 1 shows that, at most moderate latitude
stations, maximum F, heights oceur close to 06 lunar hours, and that the
amplitude of the variation iy from 1 to 3 km, in fair agreement with thege
arguments.

Above {he seomagnetic equator vertical diffusion is inhibited and this
will lead to large ¥, height variations. The maximum driff veloecity here ig
160 cm/sec, 50 that at midday when the relaxation time ig about 4000 see, a
maximum positive height variation of about 6 km shoulq oceur close to the fime
of maximum upward drift ; 07 lnnay hours.  Towards sunset, when the relaxag.-
tion time is of the order of hours, even larger amplitudes and a phagse of 10
lunar hours ean be expected.

Martyn (1947) has shown that the observed variation at Huanecayo doeg
in fact exhibit these features.

(i) The drift velocity may have 5 gradient, resulting in the beriodic con-
centration and rarefaction of the ionosphere.
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(i) The drift may shift the layer to a height where a different ionization
and recombination rate prevails. = -

Tet us first consider the offect of drift velocity gradients. The drift velocity

v is given in magnitude and direction by the relation :

1
v=1T2(E><I—I).

................................

The divergence of the drift is therefore,

div v:v.[ﬂl—z(E X H)]
1 1
:sz-(E xH) +v7- (B x H)

1 il
=73 (curl E.H—E.curl HH—(grad E—z).(E % H).

Now the first term is zero as both E and H can be derived from scalar potentials

go that
aiv v=(grad flﬁ).(E CH).  eeren s siwmmnp a6 438

\
As both He and 0(1/H?)/d¢ are Zero, this reduces to
[ aEn g, 0QT)
div V~E¢[~ B9+ 50 H,]. ..............

The geomaguetic field is such that
2M cos 9
s
Msin 9
HGZT y

2
H? =1Lf§ (3 cos? O+1)-

the Barth’s magnetic moment. Hence,

d(L/H?) _ 67’

o  M*(3 cos® 04+1)

where M i8

and
o(1/H?) __ 6rdcos 6 sin 0
790 M*® (3 cos? o1
Substituting these values in (43) we find that
. 6r2 sin 0 (cos? 6+1)
_ B A = Fp.  vbwen e RS 44
i v (3 cos® 0+1)° T (44)

of the vertical component

1t is useful to obtain this expression in terms

of drift (v,). From (21)
3 sin 0O
)ECP7

S et e
Or M (3 cos? 641
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therefore ,
i o, 6 (cos? +1)
div v= + ,'"73—06'8-3—6—_,_—1—)?),.

(1/N)(oN/ot) = —div v and, if the #, relaxation time i3 7, the critica) frequency
variation will be

Afy 301 +cos? f) _ 3l +cos2 6)
Jo T I3 eosto )T = 7143 cos? B)M' (45)

Thus the critical frequency variation due to drift divergence will be in
Phase opposition to the height variation,

Martyn (1955) has calculated the vertical gradient of the vertical component
of the drift velocity (0v,/0r) on the assumption that the geomagnetic field
intensity is uniform, and he hag equated this to —an /N ot Clearly, we should

l!ln'l'Ifl'

X 102

41,
fo
w
|

I I (Y I

R 3c° 80" go®
COLATITUDE

Fig, 8.—The varintion with co-lubitude of the rolative
oritieal froquency changes duo to lunas drift velocity
divergence at 300 lemn,

also consider the gradient of the eastward component of drift (Qve/r 80 0de).
The new term is equal and opposite to the old (i.e, a-em,fa:'=~a-vq;/i' sin H9g)
50 that the total velocity divergence ig zero.  The derivation given here
[(41)-(45)] shows that this is generally true : the drift divergence due to the
electric fiold gradient is zero because div (E x H)=0, The residual velocity
divergence is due to the gradient of the geomagnetic field intensity.

The eritical frequency variation given by equation (45), for u height of
300 km, + equal to 4000 se¢, and v, a8 given in (23), is plotted againsg geomagnetic
latitude in Pigure 8. 1t is seen that a eritieg] frequency variation of aboug
4 per cent, may result nosr the geomagnetic equator, but that generally the
elfect is smal),
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It seems likely, therefore, that electron density variations ab moderate
latitudes are principally due to the effect of drift in an ionosphere with a height
gradient of electron production and recombination.

Let I be the electron production rate,
« be the recombination coefficient,
N, be the maximum electron density,
h, be the height at which this ocecurs,
Ny, 0 be the maximum electron density which would prevail if there were
no drift, and
hun,0 De the height ab which this would occur, and
N, o be the equilibrinm clectron densiby
(i.e. Noo=4/(Iy/e)) at the height Jugo-

Then let
n :Nm ——Ne’ 0y

B =h,,— i, 0

W' is the tidal perturbation of h,, but n, the perturbation of the maximum
electron density, will be due partly to the drift and partly to the natural difference
between the actual electron density and the equilibrium value at any time,

that is,
”ZNm—Ne,0=("m—Nm,0)+(Nm,0—Ne, 0)-

Now,
d—%ivt—’”zI——ocNmz, .......................... (46)
therefore
AN, o  dn oI, oo, 9
& ta DT ’(“oJrﬁ’”)(Ne’“")
and
dn 0 ,
T —oy(N y— N, o)+ gﬁ(I—ocNmz)h ;

This relation is precise but to the first order we may write

d’n__ 0 217,/
a = —2oan +5ﬁ(I—-OLN )h 3
that is,
dn ]
at—Z—A%+Bh o iy e R R A T R T A (47)

Tf B’ varies sinusoidally gemi-diurnally, that is,
1 =P, cos 20,
where « is the angular velocity of the Barth, (47) has the solution

n:noe—At—k\—/-(;i—fiﬁ) cO8 (2mt——arctan 27:—)) ce.. (48)
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The first term in this expression shows that the electron density recovers
exponentially, with a relaxation time T=1/2aN, from any initially imposed
berturbation n,.

The second term,

BP

N=——

2 w
.‘/(4(I)3__ﬁoc2ﬁ"§} cos (th—arctan 07\7)' veee (49)

gives the tidal perturbation of the electron density.

Now, as in fact equation (49) implies, because of the intrinsic stability
of an ionospherie layer in which ionization and recombination processes are
rapid, we should expect appreciable lunar perturbation of the 7, only during
the late afternoon and evening when the relaxation time is reasonably long,
yet the F region is still the most highly condueting region of the ionosphere.
This is in fact the caso at Canberra, as will be shown in a later paper, and if
seems reasonable to assume that at all moderate latitude stations the Tunar
variation extracted from data averaged over all solar hours is dominated by the
behaviour at these times.

Recombination is then the dominant DProcess so that we may write

At the height of the Fy region at moderate latitudes (250-300 km) the
recombination coefficient is broportional to the air density, that is,

a=ce~HH

where H is the scale height,

B:%N B (aaiizr i8 zero at the dengsity maximum),

and
B aN2P, _ @
n_fl'x/(4w’+—45?3.t"ﬁ} cos (2mt—arctan oTV)' ...... (51)
Now at night the relaxation time (1/2aN) of the ionosphere can be considered
infinite, as its value at any time ¢ after sunset ig always greater than ¢. Hengce
the variation of critical frequency should lag that of height by 3 hr.

We may estimate the amplitude of the critical frequency ( Jo) variation
from (51)

"o o NP,
N T3HV(0F + 2N
therefore
Afy alN P,

fo  2Hy/(0®Loa2N?y
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where Af, is the total variation of critical frequency, i.c. twice the amplitude
of the wvariation.

Put =3 x10-1° cm3/sec (Mitra),
N =2-5x%x105/cm?,
P,=1'5x105 cm,
w=27/(24 x3600) sec™1,

H =3 %106 cm.

Then
Afolfo=1:8 X102

Martyn found a variation of about 2 per cent. at- Canberra, with maximum
critical frequency at 09 lunar hours, in good agreement with these results, and
other non-equatorial stations show variations of similar amplitude and phase
(Table 1).

The arguments above are not applicable to the F, region near the magnetic
equator, for here, probably as a result of solar tides (Martyn 1955), the day-time
F, region occurs at the great height of from 350 to 450 km (Maeda 1955). The
recombination coefficient at this height is small and thus the electron relaxation
time in the F, region near the magnetic equator is of the order of hours during
the day when the conductivity of the E region is greatest. Vertical diffusion
is inhibited by the geomagnetic field. This will lead to large day-time lunar
variations of Amax.F, and f,F,, and we should expect these day-time lunar varia-
tions to dominate the variations found in data meaned over all 24 solar hours.
Figures 1 and 2 show that this is the case.

There is good evidence that at 300 km electron decay is primarily due to
attachment and hence proportional to the pressure, but the rate of electron loss
cannot fall indefinitely with height as attachment must ultimately cease to be
the most important process of electron loss. At 400 km, then, the effective
recombination coefficient has probably fallen to a constant low value.

On the other hand 400 km is well above the height of maximum ion pro-
duction go that the ionization rate will be practically proportional to the pressure,
that is,

I=IgeMH oo (52)

For day-time equatorial conditions, therefore, o(I —a«N2)/0h becomes
—1I/H, 0N/oh being zero at the electron density maximum. Substituting this
value in (49) we obtain

N=— P, cos (2wt —arctan 2)
H+/(40t+402N?) aN)’
hence
Af, IP,

W =2HN\/(0)2+“2N2)‘ ......................

From this we may estimate the expected phase and amplitude of the
Huancayo lunar critical frequency variation, .
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Put N=10° cm~2, a=>5 x10-!1 cm3/sec. Then the relaxation time (1/2«N)
equals about 2-8 hr. This is much less than the time for which the sun shines
(12 hr) so we should expect the electron density to be approximately equal to
the equilibrium value and thus

T~aN2=50 cm—3sec,

also, Py=>5 X105 cm, H =3 x10% cm, and o=27/(24/3600) sec.

Substituting these values in (53) gives arctan w/aN equal to 55°, i.e. 1-9 hr,
and Afy/f, equal to 4-7 x10-2,

Thus, we should expect a lunar critical frequency variation of about 5 per
cent. at Huancayo, and maximum ecritical frequency should occur about 4 hr
before the time of maximum height. The phases and amplitudes observed
by Martyn (Table 1) are in agreement with these conclusions.
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Summary

It is shown that, in the presence of diffusion, gravity, and attachment, a Chapman
layer, no matter what its height, maintains its shape, decaying uniformly with an
effective attachment coefficient equal to the true attachment coefficient at the height
of the electron density maximum ; and thet, at the same time, the layer drifts bodily
towards an equilibrium height.

It is then shown that & uniform vertical tidal drift will alter the equilibrium height
of a Chapman layer.

I. INTRODUCTION

A number of workers (Martyn 1954 ; Duncan 1956 ; Yonezawa 1956)
have suggested that the height gradient of electron decay, and diffusion under
gravity should combine to stabilize the height of the night-time ¥, region of the
ionosphere. If the layer is raised the increased diffusion under gravity should
bring it down again, if it is lowered the increased decay of the lower edge should
tend to lift the height of the electron density maximum.

Martyn (1956) gave a quantitative basis to these ideas by showing that,
under the action of diffusion, gravity, and attachment, a Chapman layer at a
reduced height (Z,,) such that

sin?
=g 2Hy

decays uniformly without change of shape or height.

Here H is the scale height,
g is the gravitationgl field strength,
¢ is the geomagnetic dip,
v ig the positive ion collisional frequency,
B is the attachment coefficient.

By a Chapman layer is meant a region in which the height distribution of
electron density is described by the relation

N=N, exp {1l —(z—z,)—e~C—#)], .......... (2)

* Radio Research Laboratories C.S.I.R.0,, Camden, N.S.W,
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where N is the electron density,
N, is the maximum electron density,
2 is the reduced height,

%, is the reduced height of the electron density maximum.

For convenience, we shall take the height such that equation (1) is satisfied
as the datum level, 2=0, and the positive ion collisional frequency and attach-
ment coefficient at this level will be denoted by v, and B, respectively.

In this paper the conclusions reached by Martyn will be extended.

It will first be shown that, in the presence of diffusion, gravity, and attach-
ment, a Chapman layer, no matter what its height, maintains its shape, decaying
uniformly with an effective attachment coefficient (') equal to the true attach-
ment coefficient at the height of the electron density maximum (z,); and that
at the same time, the layer drifts bodily towards the equilibrium height (2=0)
with a velocity

e O e e (3)
Vo

It will then be shown that, if an ionospheric region, in equilibrium with
gravity, diffusion, and attachment, is subjected to a vertical tidal drift W, its
height is perturbed by an amount

Wy, w
ST P arc sinh —— IHE, U (4)

Az,=arc sinh

II. SOLUTION OF THE EQUATION OF CONTINUITY FOR A NIGHT-TIME CHAPMAN
LAYER IN THE PRESENCE OF GRAVITY, DIFFUSION, AND ATTACHMENT

We shall assume the attachment coefficient to be proportional to the
pressure, that is,

B=Bg® % ittt (5)
The continuity equation then becomes

N 2gsin2l (@N 3 aN N
_2gsin?{, (azz +y Sty ) B Ne—2; ...... (6)

ot Hy,
Ferraro (1945); Martyn (1956).
Substituting equation (2) into this we get

ON g sin? ¢

Not™ 2Hv,

(e~2%%m —e—2em) — (@ 7%  ..i.iieians (7)

Now we have chogen our datum level such that

g 8in? P/2Hvy==Bg, . .rvieririiiininnn (8)
and (7) becomes therefore
oN 2
Na— =py(e—%%m —em —e=2).  ...... L))
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This may be expanded to

oN
N—atzzﬁo(ezm —e~Zm)i{e—C—m —1} —Bye~m, ...... (10)

or from (8) and (2)

oN gsin®{

ot Hvy,

(e%n —e—zm)aaiz_@oe—zmlv. .......... (11)

This equation corresponds to the general form

oN oN
§=—1)H.—az—B.N, .......................... (12)
where both » and (' are independent of the height z but depend only on the
height of the maximum electron density of the layer z,,.

It is evident that the layer decays uniformly with an effective attachment
coefficient ‘

ﬁ,:Boe_zm, .................... (13)

and that the. electron density maximum moves with a velocity

in2
i _Qs‘%%zm_e—zm) ................ (14)

towards the height z,=0, i.e. from the way in which we have defined our datum
level, towards the height such that §=g sin? {/2Hv.

ITI. THE BEHAVIOUR OF AN ARBITRARY ELECTRON DENSITY DISTRIBUTION
UNDER GRAVITY, DIFFUSION, AND ATTACHMENT
Martyn has suggested that, under the influence of gravity, diffusion, and
attachment, an ionospheric region with any initial height distribution of electron
dengity, approaches the Chapman form centred at the equilibrium height 2=0.

Proof of this is still lacking, but we can show that all those height distribu-
tions of electron density that can be built up as the sum of a number of Chapman
layers of different peak electron densities, and centred at different heights,
approach the simple Chapman form. As equation (6) is linear, each of the
component layers in such a region can be considered independently of the others
and each therefore satisfies equation (12). Hach of the component Chapman
layers then, approaches the equilibrinum height #=0, so that the electron distribu-
tion as a whole must approach the Chapman form, centred at the height z=0.

IV. THE PERTURBATION OF A CHAPMAN REGION BY A VERTICAL DRIFT

If a Chapman region in equilibrium with gravity, diffusion, and attachment
is subjected to a vertical tidal drift W it will move with the drift until the restoring
‘velocity as given by equation (14) is equal and opposite to the perturbing tidal
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drift. It follows from these considerations that the perturbation of the
equilibrium height of the layer is

. Wy, ] w
Az,=arc ginh ngiTq;_a're ginh P RO
where v, is still the positive ion collisional frequency and B, the attachment
coefficient, at the equilibrium height of the electron density maximum of the
unperturbed layer.

V. CONCLUSIONS
Martyn’s suggestion that the obgerved adoption of an approximately
parabolic form by the night F, region is due to the action of gravity, diffusion,
and attaciment has been put on a firmer basis, although a proof that any initial
electron distribution will adopt the Chapman form is still lacking.

Equation (15) should make possible a more concise formulation of the
author’s lunar tidal theory (Duncan 1956).
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SUMMARY

Martyn's luni-solar analyses of hTZ8¥ 32 and
foF2 at Huancayo and Canberra, are restudied; not all the
coefficients are found to be significant. The E region
near the magnetic equator appears to fail abruptly as a
dynamo at sunset; that above Canberra remains active
until midnight.

I. IRTRODUCTION

It is well known that the electron densities
and heights of the ionospheric layers vary slightly with
lunsr time (Appleton & Weekes (1939), Martyn (1947),
Burkard (1948) ). Meaned over s month or more, these
variations are predominantly semi~diurnal, as is to be
expected, because a semi-diurnal lunar variation of
barometric pressure is found at the ground, and the
ionospheric variations must be caused, ultimately, by a
eimilar gravitational tide in the upper atmosphere.

The ionospheric effect of the lunar tidal motion,
however, even the direction of the offect, depsnds on the
morphology of the ionosphere, a thing chiefly under solar
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control. This may greatly complicate the actual lunar
variation on a given day.

Martyn (1947, 1948) attacked this problem by
studying the variation with lunar time of f,F, and W™*%p,
measured at chosen solar hours each day. Chapman and
Bartels (1940) have shown that such studies need inter-
pretation.

In this paper we examine Martyn's, Huancayo and
Canberra, hnasz and ton, luni-solar coefficients, and
find that not all of them are significant. We interprat
the significant variations in terms of Martyn's lunar
tidal theory Martyn (1947), Duncan (1956) ); that is,
in terms of electric currents in the E region setting up
polarization which is conduoted along the geomagnetic
field lines to the F region.

II. GENERAL CONSIDERATIONS

A "semi-diurnal® lunar ocoefficient determined
from observations at a fixed solar hour each day, does not
necessarily reflect semi~diurnal behaviour, that is a
variation of the form cos 2/Z y Where - is the lunar hour
angle. It can be caused by any veriation of the form
cos 2(/- ns), where ® is the solar hour angle and n an
integer. If, however, the lunar coefficient is determined
for each solar hour, and the lunar phase is plotted against
solar hour, the ambiguity is resolved. If the slope of
the phsse plot is (., the variation can be formally
desoribed by a function of the form oos 2(g-yxa).

However, because of the conservation of geophysical
data the lunar phase determinations for each solar hour
are not necessarily independent; a non-significant long
reriod variation will similarly influence them all, With
"semi~diurnal" luni-eolar coefficients it is a non-significant
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semi-monthly variation which matters. This, having the
form cos 2({-s) [jté-a) is the lunar phase_| produces

an upward sloping phase plot. In such a plot it is
necessary to test the significance of each point separately;
we have applied the eriterion that the “semi-diurnal”
component must acocount for at least half of the total
variance.

On the other hand, a horizontal phase plot,
cos 242, indicates a true lunar semi-diurnal variation.
This cannot be caused by conservation; in this case each
roint corroborates the evidenoce of its neighbours.

If we look, not for a semi-diurnal, but for a
lunar semi-monthly variation, the situation 1s reversed.
Now it is a semi-monthly variation which has a horizontal,
and a semi-monthly lunar variation which has a sloping
phase plot with solar hour. Neglect of this consideration
caused an apparent disagreement between thae results of
Martyn (1947), end MoNish and Gautier (1949).

III. ANALYSIS

(a) h™%*P, Huancayo

The mean (1942-43-44) lunar variations of h"®F,
Huancayo at 01 and 13 solar hours are shown in figure 1.
Only the 13 asolar hour plot shows a lunar effect.
Computation shows that none of Martyn's nighttime luni-
solar coefficlents are significant (Fig. 2), but all
those between 07 and 18 solar hours account for well over
50% of the total variance., Purthermore this part of the
phase plot (Fig. 2) 1s substantially horizontal so that
the daytime variation is semi-diurnal in the true sense of
the word. But the variation ceases abruptly at sunset, and
this must mean that near the magnetic equator the E region
ceases to support a lunar current system at sunset.
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(v) f,Fo Huanoayo

Luni-solar studies of coritiecal frequency at
Huancayo oonfirm this conclusion. Again midday critical
frequencies show a large lunar effect, midnight critical
frequenoies show none (Fig. 3), and after applying a
signifioance test, we have rejected some of the points in
Martyn's pbase plot (Fig. 4).

The horizontal part of the phase plot, i.,e. between
08 and 17 solar hours, indicates the presence of s simple
semi-diurnal tide during the day.

Between 17 and 21 solar hours the phage plot
slopes upward at about one lunar hour per solar hour, that
is we have a variation of the form cos 2({-s), a semi-monthly
variation., This implies the following behaviour. Active
lunar perturbation of the F, at Huancayo ceases at sunset,
but the electron density tends to retain, until 21 solar
hours, the perturbation with which it was left at sunset.
The eritical frequenoy between 18 and 21 hours depends,
then, on the lunar hour at sunset, that is, on the lunar

ago »

There is, as we have said, no evidence of any
lunar control of the eritical frequency during the middle
of the night; the general upward slope is caused by
conservation, but at 04 and 05 solar hours significant
lunar control appears again, but with a phase, 10 lunar
hours, opposite to that observed during the day. This 18
t0 be expected. During the day upward lunar drift increases
the eleotron density by lifting electrons to a region of
low decay. In the brief dewn period a downward lunar
drift favours increases ion density, as it causes the
ions to follow the downward dawn movement of the height
of maximum ioa production.
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Luni-solar studies of Huancayo, forz. then,
confirm the conclusion reached from the study of h@“rz.
Lunar eleotric ocurrents and polarization are signifioant
only during the day.

(¢) Canberra W"®*F,

Martyn's luni-solar coefficlients for Canberra
hmaszp 1942-43-44, are shown in figure 5. The coefficients
for solar hours 17 to 23 account for from 25% to 55% of
the variance at thesse hours, and, as they heve similar
phases, they may be accepted as genulne.

The coefficients for other times of the day
are not significant, dbut the amplitudes at these hours
are not amall. Hence masking by inoreased random fluct-
uations, rather than lessening of the lunar effect could
be the explanation.

( 4 ) Canberra fon .

The ratio of regular to random variation at
Canberra is much smaller than at Husnoayo, and only two of
Martyn's luni-solar coefficienta for Canberra f,F,, the
ones for 06 and 14 solar hours, socount for more than half
of the total variance. However there are reasons for
considering some of the other coefficlents genuine.

The coefficlents between 14 and 23 hours have
very similar pheses, and, although they account, on the
average, for only about 40% of the total variance, they
can only be due to a genuine semi-diurnal lunar variation.

The coefficients between C7 and 13 solar hours
have small amplitudes and scattered phasesjy five of them
account for lees than 10¥, and the remaining two (07 and
13 solar hours) account for less than 207 of the total
variance at each solar hour, There is therefore no
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evidence of lunar tidal aeffects during the early and
middle part of the day. This ie not likely to result
from failure of E region conduetivity; 1t is almost
certainly s oonsequence of the short relaxation time of
the P reglon, during this period of rapid electron
production and deoay.

The phase progression of the cosffioients between
00 and 05 solar hours suggest mere conservation, but the
coefficient for 06 solar hours accounte for 60% of the
variance at this hour and must be accepted. At Huanoayo
the dawn lunl-solar coefficient had a phase opposite to
those during the days at Canberra, at a middle latitude,
the dawn and daytime phases are similar. This is because
at non-equatorial latitudes ionization diffuses down the
field lines under gravity and is ultimately lost at low
heights by rapid decay. At any solar hour upward drift
mitigates this process and enhances the sleotron denaity;
a downward drift never increases the electron density,
the electrons diffuse down - too rapidly for thelir own
long-life - without the help of drift.

IV, CONCLUSIONS

Studies of both h"**F, and £ F, at Huancayo
suggest that the part of the E region magnetically linked
to the equatorial F region, that ls the E region at
magnetioc latitudes = 10°, fails ae a lunar tidel dynamo
at sunset. The E region above the middle - latitude
station, Canberra, appears to act 85 e tidal dynamo

until midnight.
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CAPTIONRS

The lunar variations of the daily values of
Huancayo hmaxrz at 13 and Ol solar hours
respeotively; 1942-43-44,

The solar hour variation of the semi-diurnal
luni-solar coefficients for Huancayo hmaxpz,
1942-43-44, Non-significant points are shown
a8 hollow e¢ircles.

The lunar variations of the daily values of
Huanceayo f°?2 at 11 and 23 solar hours
respectively; 1942-431-44,

The solar hour variation of the semi-diurmal
luni-solar coefficients for Huancayo foPZ;
1942~43-44, Non-aignificant points are shown
a8 hollow circles.

The solar hour variation of the semi-diurnal
luni~solar coefficiente for Canberra hmaxng
1942~-43-44, Ron-significant pointa are shown
as hollow circles.

The solar hour variation of the semi-diurnal
luni-solar coefficients for Canberra f°F2;
1942-43-44. Non-significant points are shown
as hollow circles.
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COMPUTAT JONS OF ELECTR()N DENSITY DISTRIBU‘TIONS IN
THE IONOSPHERE MAKING FULL ALLOWANC’E TOR
THE GEOMAGNETIC FIELD

BY R. A. DUNCAN

Radio Research Laboralories)
Commonwealth Scientific and I ndustrial Research Organizations
Camiden, N.S.W., Australia

(Received March 19, 1958)

ABSTRACT

Jackson's method of computing electron density distributions
from h'f records has been modified slightly and adapted for Use on
an electronic computer. Reduction of o single W'f record takes about
90 seconds of computer time.

The method makes allowance for the geomgnetic field and 18

exact save for the uncertainty about the electron density petween
;onospheric layers which 18 inherent in the method of pulse gounding
from the g,round. Rocket measurements (Seddon, et al., 1954) enable
o reasonable resolution of this uncertainty.
Some examples of electron density distribution at Brisbane are
given. 1t is shown that the night-time distributions are much closer
to the Chapman than the pu,raboﬁc form. This is to be expected
(Martyn, 1956) in & region in which the electron digtribution is
determined by the OppOsIng processes of downwar diffusion under
gravity, and & height gradient of electron decay. The offect of £€0~
magnetic disturbance on the day and night electron density profile
18 llustrated and discussed.

One of the fnndmncntal pm‘ameters of the upper atmosphere is the distribution
of electron density with height, and many workers have attacked the problem of
obtaining this distribution from the greab pumber of W records which have heen
made by immspheric obgervatories ghroughout the world. Yet the pumber of
electron density Jdistributions which have heen computed making proper allowance
for the geomagnet.ic field remaing very small.

The apparent height of reflection of radio Waves from the jonosphere (W) is

related 1O the true height of reflection (h) by the equation

where 7' 18 the group refractive index of the medium and f is the sounding fre-

(uency- Most workers have seen the problem of compubing true heights 88 that
491
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In the greatly Simplified cg0 Where the Beomagnetje field js J'gum'ed, Sueh gp
inversion has beer, performeq (Pekeris, 1940),

Analytieg) inversions of the exXact case, which have been Suggested 1 date,
are eithep appmximute, .im'ah'd, or {oo complex fop "atine yge (Whale, 1954;
Kelsr.), 1954), Furthermorc, all gpon .'...mmuns, and eyey the imerieg| inversion
made by Buddey, (1 955), fail i the electron density does no j nereyge moum.nnicaﬂy
with haight., 80 that { €Y cannot, pe used tq analyse dayiime records i, which
there may be g4 number of electron density maxima, The Same limitgtioy, applieg

jouuspheric layers, Jackson assumed thyy the electrop density fell between
layers ¢ 90 per cent of itg maximuy value in g, lowey layer ang showe
that thig gave results ip good agreement, with simultaneuus mensuremea}ts
of electron density from rockets,

The PUrpose of (s hote is tq Suggest a foy simplifiey, lions ¢ Jackson’s Method,
to record how the Silline computer 4 the Univensity of Syduey has begy pro-
Erammed g g, these analyses, ang to give results of the reduction of Some Brighap
f filmsg,

SIMPLIY Eiy DESCRY PTION o METHOD

The £roup refractive index (n') is g compley Tunetion of the electrop density
(N) and the sounding frequency ), but it may he computed ( Whale ang St:mk-y,
1950) ang used o obtain {he tontributioy ¢, the apparent heighg (D) at fre-
quency f made by an ionospherie region of thicknegs (D) in which the eleciroy
density Varies Hnezu'ly from N7, ¢, N,

hus,
ha
D~ f "D s @)
Ydn
= | n deN' ..................... €)
D Ng ,
R A S 5)

that is,



co PU'I‘ATIONS OF ELFCTRON ENSITY ISTRIBUTION
= 93_::-9} &)
D N — e (&)
where
N
o, M = [ v A @
This @ funetion may e comput o and gabulated:
Supp ow We have & tab\ﬂation, N YA [ s fs 1 ete.) then, if we
aesume i, the electron density falls V arly 1O gero WD ded ing neight ab
the rate b jcated {he fir {wo entrl in the W1 table, can Ve ghown by
gnapie app alio’ i quat,'mn () that ght of the § the 1ayer i
' _
Ko = ’LLH,____,JE‘-% g e 8
Ql. — Wi
where (0N Qs » and Q2 = Q2 Na) Jackson did nob derive this expresions
ub uged equive 1 g,mph \ meth
1laving nd ho s nd agh g8\ , the e on es Yinearly
petween @ of oW tabul 1 points: comput hy § qation,
, hy — T 2 i
h‘ = ilu N‘ QU\ ‘h \) ........... Ve ('n
gimilariys one poth o and M are know™h we can P oceed 10 the caloulut.'\on of
ha + the qua’c-'wn
; B 2= e ; s = hy ;
n, = Mo : Q{2 , N + #--"'“"'N“ = 1\Q(.1»; (N2~ Qe ,N\ﬂ»---(\m
1n this way, We can work t.'nroug‘n v who'e Bulation for, I generh
, v hw — -
’ = h-o J(' N S 1\Q(jk '|Nm = QUL Nﬂl-\\)‘l‘ """ (.11)
-1 " we
This 0V olves OBe summation for each entry the W, D Lable, WO o whi vould
be Fequiv en if a0 analytiml fation ¥ the for of equab'\on (2) were & jlable
The We od 18 numet'mal and makes ass mptions gueh 28 that the q\mnt'\ties
Yinearly petween pulate pontes put the qre nO disadvant&g We are
ot conY with & a‘sgt.'mal fanction of WM f, bub wit pamert 1 { tabless
ven i analyt‘wal golution were & arlable, woud pecess uce 1
to 0w rica) for order 10 pandle € nal datd
10PN ATLS ov ONIPUTA'I‘ ONS
In pra.ct't ; N arc nob convenient. ariable® and the equat chually
ged are ligtes JoW. These A€ nob <cactly the same 08 Jnckscm’ g, b hey CaF
daﬂved i analogou® manner 14 18 ieved {hat their us® giderd
spaphities the pumtions, a dxfierentmt.\o with respe! go b3 coided 10
(16) equat.‘x 16) is DEW cing 3 gon's a.phical thod; & 4 the exWt
e\ abyd cks & been &V ed hroughot
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1t would appear {rom Tigure | thatb, although each of the three midday virtual

height traces have individual irregularities; the derived true height profiles are

quite regular. This jmpression i quite serect. For each kink in the virtual
height trace there is & cOM : ing j Iler kink in the true height

curve, bub the latter are often w jeeable ye seal which the [liguves are
drawi

The pight-time electro ose to the Chapman
form. TO illustrate this, some of W1 elative geale alongside

CHAPMAN
FUNCT\ON

Kl LOMETERS

250

o} 05

0 © 05 10 10

0'5
RELATIVE ELECTRON DENSITY (N/ Nrnak)

Fre. 3—A Chapman function for & seale height of BB km, and some midnight electron density
profiles ot Brishane drawn o & relative geale. Kp is the magnetic disturbance index.
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Short Communication reprinted from the Australion Jowrnal of Physics,

Volume 12, Number 2, pp. 197-198, 1959

PHOTOMETRIC OBSERVATIONS OF SUBVISUAL RED AURORAL

ARCS AT MIDDLE LATITUDES*

By R. A. DuncaAnt

A photometer (Roach et al. 1958) sensitive to the red oxygen emission at

6300 A

has been in operation at Camden, near Sydney (geomagnetic latitude

42°), since July 1958. In this period three bright aurorae have been seen in
southern Australia; on July 8-9, September 4-5, and September 25-26.
Following the first two the photometer detected a subvisual stable red arc the
next night. On the night after the third aurora, observation was prevented
by cloud.
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Fig. 1.—Shape of auroral arc observed between 1930t and 23302 September 5,

1958. The photometer scanned the sky along the paths indicated by the fine

arrowed lines. A complete sky scan was completed once every 5min, The

crosses show the mean positions at which the arc was intercepted. The dots
are the quartile points.

These arcs had the following characteristics :

(1)

(2)

(4)

They occurred on the night following a bright visual aurora. By this
time the magnetic disturbance index (K) at Watheroo had fallen to
5 or less.

Periodic checks on the 5577 A emission showed no departure from the
quiet airglow pattern. TIndeed, during the previous 15 months 5577 A
emission was intensively studied and auroral activity was never detected
at this wavelength unless the disturbance index (K) equalled or
exceeded 6.

The arcs were centred (to within 1 or 2°) on geomagnetic south, and
maintained these positions for some hours. The arc seen on September
5-6 is shown in Figure 1. It maintained this position from 1938 till
2330 B.8.T. After this it began to sink slowly, being 5° lower by 0245.
The intensities of the arcs varied steadily with time (Fig. 2) in marked
contrast to the rapid fluctuations which we usually observe during
visual aurorae.

* Manuscript received December 15, 1958.
+ Upper Atmosphere Section, C.S8.I.R.0., Camden, N.8.W.
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Using a photometer at Haute Provence (geomagnetic latitude 45-7°) Barbier
(1957) found a red arc on January 21, 1957, but this was during a great magnetic
storm (Kp=9). Stormer (1955) states that only four visual red arcs were
observed in southern Norway in the 40 years ending 1955.

=]
T

B
T

°
6300A EMISSION
(KILO-RAYLEIGHS)

]
T

(8] L 1 L 1 1 i 1 1
19 20 21 22 23 [o]e) o oz
LOCAL STANDARD TIME (HR)

Fig. 2.—Time variation of the brightness of the red auroral arc observed

on September 5-6, 1958. The brightness plotted here is that of a point

on the eastern limb 15-7° above the horizon (see Fig. 1) but is representative
of all parts of the arc.

The existence of auroral arcs at middle latitudes during times of only
moderate geomagnetic disturbance does not appear to have been previously
reported.

This work forms part of the research programme of the Upper Atmosphere
Section of the Commonwealth Scientific and Industrial Research Organization.
The photometer was lent by the United States National Bureau of Standards as
an 1.G.Y. contribution.

The author has to thank Mr. R. O. Errey for help in the observations.
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OBSERVATION OF A 6300 A ARC IN FRANCE,
THE UNITED STATES AND AUSTRALIA

by F. E. Roacu (), D. BARBIER (2), R. A. DuNcaN (®)

RisuME, — Fntrele 8 jullet 1958 24 21 b T'U et le 9 juillel 1938
A 15 0 T, des ares awroraiz rouges (G300 A) ont ¢té observés
quccessirement & U'Observatoire de Haute Provence, aw I'ritz
Peak (17. 8. A.) at & Camden (Australie). Les arcs observds d
partir de res trois stations se trovvaiont & des latitudes mayné-
tiques constantes (déduites du paramitre L pour la couche de
Mellain) de 4408 3 4006 et 4096 respectivement, Ow suggdre
que les trois arcs faisaient partie d’un phénoméne unique.

ABSTRACT. — Between 21 UT, 8 July 1958 and 15 UT, 9 July
1958, red (6300 A) auroral arcs were observed successively
at Hawte Provence Observatory in France, Frilz Peak in the
United Stotes, and Camnden in Australia. The aics observed
from the three stations were at invaviant magnelic latitudes
(deduced from Mcllwain's sheel parameler L) of 4498, 46v6,
and 496, respectively. It is suggested that all threec arcs were
part of a single phenomenon.

Pezione. — Memsgy 8 wioxmem 1958 roma B 21 4.
BCEGMAPIIOTO BpeMerl H 9 HiofeM 1958 rojpa B
15 u. BCOMBPIOTO BPEMCINT KpacnbIC IVTH 1M0JA-
prRx cluiui (6300 A) natiiojaamncy 1mocyeso-
BaTeabllo B oficepsatopun Bricorofi Ilposarc. B
dpurn Hug (C.ILA.) 1 B Kamacue (Apctpanna).
Nyru uaGuofaBlulicesa M3 9TUX Tpex cranunii
HaXO0A0ANCh A MOCTOSIHUEIX MATHITHLIX IOUPO-
Tax, BLIRCAENHELIX N3 Napamerpa Lo (And cios
Max Hupafina) B 4408 ; 4¢°6 1 4996 COGTBETC-
TBenno. IogacTes N7 EANON0KEHNe YTO ITH TPH
AVIM COCTABJAJNH 9acTH CHHHOTO ABJENHA.

During the I. G. Y. a new type of aurora was disco-
vered ; photoclectric photometers, at middle latitudes,
revealed stable red arcs with [OI], 6300 A, the predo-

TABLE 1

minant, and probably the only emission [1, 2, 3, 4].
The arcs reoricnted approximately parallel to ma-
gnetic latitude and have been traced continuously
over 400 of longitude [5], and with a gap over the
Atlantic Ocean, between France and America, 1100 of
longitude [3]. They maintain themselves with little
change for many hours.

The simultaneous observation of these arcs at
magneticaly conjugate points in the Northern and
Southern Hemispheres would be of great interest, but
unfortunatcly conjugate pairs of obscrving stations do
not exist. The three stations operated by the authors
(Table 1) differ so greatly in longitude that they do not
have coincident darkness. Nevertheless, the great
longitudinal extent of the arcs and their stability
make a comparison of observations between these
threo stations uscful.  We can be reasonably confident
that obgervations on the same day, though separated
by many degrecs of longitude and a few hours in time,
refer to a single phenomenon.

A search of our records shows that there has beén
one day, 8 July, 1958, on which observations have
been made in both the Northern and Southern Hemi-
spheres and on which a red are was observed. On this
day arcs were seen at all three stations, not simul-
taneously, but within a period of a few hours.

Table 1 and Figure 1 summarize the results. We
have calculated the positions of the arcs, seen from
each station, flom the observed zenith distances, and
an assumed hcight of 400 km. Triangulation on other

SUMMARY OF OBSERVATIONS

COORDINATES OT STATIONS

POSITION OF ARCS

TIME INTERVAL (h = 400 km, » — 1.063)

STATION GEOGRAPHIC MAGNETIC (INVARIANT) oF OBSERVATIONS .
LATITUDE LONGITUDE (h = 400 km, r = 1.063) OF ARCS “;si:j;iim MAGE ETI%?;Y;S;);NT
(EasT) L  LATITUDE (Un1vERsAL TIME) (km)

Houto Provence 43055° 50437 1.79 39035/ 8 July
2143 — 2257 340 N 2.11 44047/

Fritz Peak 39054/ 254031’ 2.41 48023 9 July
0454 — 0654 160 S 2.25 46035’

Camden — 34004’ 150038’ 1.96 42036 9 July 676 S 2.563 49036°
0957 — 1432

(1) Boulder Laboratories, Nutional Bureau of Standards,
United States.

(?) Institut d’Astrophysique, Paris, Fiance,

(®) C. 8. L R. 0., Camden, Anstralid.

arcs (November 27/28, 1959 ; April 1/2, 1960) [6, 6]
gave such a height. Because of evidence [7] that red
arcs are caused by trapped particles we have used the

- 390 —
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sheet parameter L introduced by McILwaIx {8] to des-
cribe the arc’s position ; L may be approximately des-
cribed as the equatorial distance to the intersection of
the magnetic line of force (in earth radii) of the locus
of the trapped particles. The corresponding magnetic
latitude (A) may be derived from L by the relation

L= cos? A,
where r is the distance to the arc (in earth radii) from
the centre of the earth. It can be seen from Table 1
and Figure 1 that, to within about 59, the arcs in the
Northern and Southern Hemispheres were at the same
magnetic latitude. It seems reasonable to assume

OBSERVATION OF A 6300 A ARrc IN FRANCE 2

that they were conjugate phenomena. The accuracy
with which are positions ean be estimated is about 4- 10
80 the steady progression of the arcs toward higher
latitudes is probably real,

We may cor. - this conclusion with that to be
drawn from observations of visual auroras. Some
studies [9, 10] indicate a general correlation between
the appearance of auroras in the Northern and
Southern Hemispheres, while another [11] indicates
close relationships in the intensity, moi’~n, and cha-
racter of auroral forms at nearly exact conjugate
points, ‘

Manuscrit regu le 10 octobre 1962.
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Simultaneous dccurrence of Sub-Visyal
Aurorze and Radio Noise Bursts on
4.6 ke.s.

Smewr July 1958 the rod oxygen (6300 A.) airglow
been recorded at Camden, neap Sydney (geo-
Mmagnotic lagitude 42° 8.), with g sky-scanning photo-
meter. Thijg instrament, hag been describecd by St.
Amand!,  Thege observations frequently detected
greatly enhaneead emission towards the south, and
less often structures gyeh a5 arcs and rays. W
interpreg; these ag aurorm, usually sub-visual, though
on seven nightg auwrore were goon,

Table 1. OUURRENQR AND AnseNon op Noise on 4-¢ KO./8, Anp
AURORM
| Noiseon 4.6 ke /s.
e

——— [

Yes No
J Yes
Aurore 1 No

e

During the same period, radio noige on 46 ke./s.
was continuously recorded by & method? which largely
eliminagog impulsive atmospheric and industrial ingey.
feronce, These observations frequenbly detected
distinet nojge bursts, many timeg stronger than the
backgroung and usually lasting o, foy hous,

comparison of {he radio and nightglow records
shows that there is a definite correlation betwear
the two. Of 53 nights of simultaneong observagions
of noige and #glow botween June and Decembep
958, noige bursts and sub-aworm wepe rocordecd
during the spme howrs on 18 nights, On 27 nightg
neither nojge nor sub-aurors weye recorded ; on @
nights noise was recorded in fhe absence of any
duroral pattern in the 8irglow, while on two oceasions
nnore werg recorded withon Ny noise bursts, This
I8 summarized in Table 1, ;

A8 might be expected, hoth phenomena, are related
to magnatie disturbance, They tend to oeeyy when
the disturbanee index (I) reachos or exceeds B,

mtensities have shown g miuutea-to-minute corre-
spondence (Pigs. 1-3).  Thig suggests tha, they may
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Fig. 3 . Noise and airglow records for January 5,1959

hoth be divectly gtmm-at;nd by the same ‘phenomens,
possibly the entry into the atmosphere of proton or
electron streams.

Howevar, there j& in general no oxach gorrespond-
ence hotwoeel the two; a8 Table 1 shows, ono i8
necasionsdly ohserved without the other. The radio
noige, unlike the awvoral light, should be dotectable



oven whenrits apparent source lies below the horizon.
This probably accounts for much of the looseness
in the association between the two, and for the
oceasional observations of noise without aurorm,
However, tha twe eases of aurorm without accompany-
ing radio nojse cannot bo oxplained in this manner,
If the aurors ape caused by proton op oloctron
streams, then it follows that such streams do not
always generate vacio noise,

This work forms part of the research Programme
of the Upper Atmosphere Section of the Common-
wealth Seientific and Industrial Researeh Organiza,

tion,
R. A. Dunoan
G. R. Erurg

Upper Atmosphere Section,
mmonwealth Scientifie and
Industrial Research Organization,
Camden,
New South Wales,
St. Amand, ¥., Ann, go Geophys., 11, 435 (1955),

1
* Reber, &, and Elis, @, R., J. Geo. Res., 81, 1 (1956),
* Rills, (, R., “Pllmetary and Space Science” (in the press).
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POLARIZATION OF THE RED OXYGEN AURORAL LINE

R. A. DUNCAN

Upper Atmosphere Section, Commonwealth Scientific and Industrial Research Organization,
Camden, N.S.W,, Australia

(Received 29 December 1958)

Abstract—During an aurora on 8 luly 1958 the zenith 6300 A oxygen emission was found to
he about 30 per cent plane polarized with the magnetic vector North-South. It is shown that

such polarization would be expected if the auror

a was excited by electrons whose predominant

motion was gyration about the geomagnetic field lines.

1. OBSERVATIONS AND GENERAL
DISCUSSION

During an aurora, observed near Sydney,
Australia, (geomagnetic Jatitude-42°) on 8 July
1958, the zenith red oxygen emission at 6300 A
was found to be about 30 per cent plane
polarized with the magnetic vector North-South.

The record showing this is reproduced in
Fig. 1. It was obtained by pointing the photo-
meter, which has an inbuilt polaroid, at the
senith and rotating it back and forth about its
vertical axis. At the end of each 360° move-
ment a shutter was closed (o give a zero level.

There appears to be no mention in the
literature of such polarization having been
previously observed.

The green airglow (5577 A) on the same
night was unpolarized, and no other examples
of polarization have been found in the course
of 280 nights’ observation of the green (5577 A)
and 30 nights’ observation of the red (6300 A)
airglow since March 1957. Tt therefore seems
unlikely that the polarization on 8 July could
have been due to some secondary effect such
as atmospheric scattering.

1t will be shown that the polarization, with
the sense observed, would be expected if the
aurora were excited by electrons whose pre-
dominant motion was gyration about the field
lines.

2. THEORY OF AURORAL POLARIZATION

The red (6300A) emission on 8 July was
about 60 times as intense as the green (5577 A).
Indeed aurorae seen here are always pre-

dominantly red, and it is well known that this
is the case at all middle and low latitude
stations. This fact suggests a low energy
excitation process. Middle latitude red aurorae
have been discussed by Seaton” and Chamber-
lain®, From their work it would seem that
they are excited by clectric discharges contain-
ing electrons with energies less than 10 eV.

Collisions of such low energy electrons with
oxygen atoms will produce excited atoms with
spin, and hence magnetic moments, about axes
lying mainly in planes normal to the collision
direction. If therefore the clectron velocities
are aligned the excited atoms will be largely
aligned and the resultant radiations polarized.
The effect has been studied experimentally by
Skinner® and theoretically by Oppenheimer®
and Bethe®.

In the upper atmosphere we must consider
the geomagnetic field also. Simple aligned
electron beams cannot exist except parallel to
the field lines; in general the electrons will
travel along helical paths. It is always true
however that the electron motion, and con-
sequently the distribution of the magnetic
dipoles of the collision excited atoms, is axially
symmetrical about the field lines.

As the energy level responsible for the red
oxygen emission has a half life of 110sec
(Garstand™®) the excited atoms will precess
about the geomagnetic ficld many thousands of
times before radiation occurs. This will further
ensure that the distribution of atomic alignments
is axially symmetrical about the ficld lines.
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POLARIZATION OF THE RED OXYGEN AURORAL LINE

An excited oxygen atom (1D,) radiates at
6300 A by means of a magnetic dipole transi-
tion, and hence the radiation is emitted pre-
dominantly in a direction perpendicular to the
magnetic dipole of the atom, and with a
magnetic vector parallel to this dipole. The
distribution of the polarization of photons
observed at the ground therefore corresponds
to the distribution of the projections of the
atomic magnetic dipoles on a plane normal to
the line of sight.

1t is clear from this, and from what we have
said about the axial symmetry of the distri-
bution, that no polarization will be observed
on looking directly up the field. On looking
perpendicular to the field lines polarization
may be detected. We wish to discover where
maxima and minima intensities will be observed
as a polaroid is rotated about the line of sight.

Let the distribution of the alignments of the
emitted photons in the plane normal to the line
of sight be represented by the function f(f).
That is, let the number of photons with magnetic
vectors making angles of between ¢ and (6 + df)
with the geomagnetic field be

I=f(6) db. (1)

Polarization measurements do not distinguish
between direct and reversed orientations so
that 6 is restricted to the range —=/2 << 8 < n/2.
A polaroid with its “magnetic” axis at an
angle ¢ to the geomagnetic field transmits a
proportion I’ of the photons aligned in the
direction 0, where to a good approximation

I'=cos? (p—0). ©2)
The total light transmitted will therefore be

I =f () I cos? (¢p — 6) db 3)
2
1. /2
ie. I”=%lf(0)[1+c052(0—¢)]d6 @
—a/2

/2
ie. I”=K+cos2¢p j f(6) cos 26 d6+

+rf2

+sin2p j £(®)sin20d6. (5)

—nl2
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Now the distribution of photon alignment
must be symmetrical about the field lines and
hence can be expressed as a cosine series

f()=A,+ A, cosb+A,cos20+... (6)
and hence from Fourier’s Theorem
I"=K+7/2A,cos2¢. @)

Hence maximum intensity will be observed,
nowhere, or at polaroid orientations ¢=0 or
¢==/2 as A, is zero, positive or negative
respectively. That is the light will appear to
be unpolarized, polarized parallel to the field,
or polarized perpendicular to the field, depend-
ing on the actual pattern of atomic alignment.

This conclusion has a simple physical inter-
pretation. The polaroid used in our photo-
meter has transmission characteristics close to
that represented by equation (2). It thus
selects the second harmonic of the photon
alignment distribution and there can therefore
be only one maximum intensity observed as the
polariod is rotated between +90°. The only
position for this maximum compatible with the
symmetry of the phenomena about the field
lines is 0° or 90°.

Tt should be realized however that this result
depends on the characteristic of the analysing
polaroid. A more selective polaroid might
have a transmission law.

I'=cos* (p—0)

and in this case two maxima could conceivably
be observed, i.e. at both 0° and 90°.

It is clear that along lines of sight which are
not perpendicular to the geomagnetic field, the
amount of polarization will be less; on looking
up the field lines it will be zero: but, assuming
again now that equation (2) is correct, the
direction of polarization will still be parallel or
perpendicular to the projection of the field in
the plane normal to the line of sight.

We now relate the sense of the observed
polarization, i.e. parallel or perpendicular to
the field, to the pattern of electron bombard-
ment. Simple classical arguments will be
adequate for present purposes. In general the
electrons will move along helical paths up or
down the field. If the kinetic energy parallel to
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the field is a third of the total kinetic energy
we may consider the electron velocities to be
unaligned. There are two possible departures
from such a pattern. The electron motion may
be predominantly longitudinal up or down the
field, or it may be predominantly gyration about
the field.

If the electron motion is along the field lines,
electron collision will produce excited atoms
with spin axes and hence magnetic dipoles
distributed in a plane normal to the field. The
resultant radiation will therefore appear to be
polarized with its magnetic vector perpendicular
to the field.

In the case of electron gyration about the
field lines, collision with unexcited atoms will
produce excited atoms with spin axes (and
hence magnetic dipoles) half of which will be
parallel to the field lines. For random orienta-
tion only a third of the spin would be parallel
to the field. On looking in a direction perpendi-
cular to the field therefore we will see 50 per
cent of the atoms with spin parallel to the field
but only 25 per cent with spin perpendicular to
the ficld. The remaining 25 per cent will have
spin perpendicular to the field but parallel to
the line of sight and hence will be ineffective

in producing visible radiation. We should there-
fore expect at the most 60 per cent polarization
with the magnetic vector parallel to the field.

This was the sense of the polarization
observed on 8 July so it is concluded that the
aurora on this night was excited by electrons
gyrating around the magnetic field.
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