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In the preceding paper by Schmerling & Thomas (1956) it was shown how, from experimental '(f)
records, it is possible to deduce the electron distributions in the F layer appropriate to an average
magnetically quiet day in any one month; and some account was given of these distributions at
Slough, Huancayo and Watheroo for different times of day, seasons and epochs in the solar cycle.
In this paper these distributions are used as experimental facts from which the rates of production
and loss of electrons are deduced. Use is also made of electron distributions determined, in rapid
succession, near sunrise at Cambridge.

- It is here recognized that there may be important vertical movements of the electrons in the
F region, but no assumptions are made about their magnitudes. Methods of analysis are used
which minimize their effects.

In part I it is shown that the behaviour of the quiet F layer, above 240 km, at the three places
mentioned, at all times of the day, the year, and the solar cycle, is more consistent with the
supposition that the rate of loss of electrons is given by — d N/d¢= K| Nratherthan by —dN/d¢= K, N2,
Between heights of about 250 and 350 km the loss coeflicient K, seems to vary with height as given

approximately by 300 — % (km)
—1
""‘50—“} o

The significance of this type of loss coefficient is discussed.

In part II it is realized that, if the above-mentioned loss coefficient were the correct one, then,
because it decreases rapidly upwards, it could give rise to a peak of electron density considerably
above the peak of electron production. This leads us to consider in detail the hypothesis of Brad-
bury (1938) that the F, and F, layers are both produced by the same ionizing radiation, acting on
the same atmospheric constituent, and that the two peaks of electron density are caused by a

K,=10"* cxp{

[ ,f'\’g
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622 J. A. RATCLIFFE AND OTHERS ON THE

suitable height variation of the loss coefficient. This hypothesis is discussed critically, in relation to
the experimental results, and is shown to be self-consistent.

It is shown that, if Bradbury’s hypothesis is accepted as correct, the scale height of the ionizable
constituent between 180 and 350 km is about 45 km. This is in better agreement with the R model
of the upper atmosphere deduced by Bates (1954) from the results of rocket experiments, than with
the G model deduced from the results of experiments made on the ground. It is also shown how the
experimental results lead to the deduction of limits to the movements caused by the diffusion of
electrons under gravity. The movements expected on Bates’s R model are greater than those
deduced from the experiments. '

Although the mechanisms of electron loss and production discussed in this paper seem to fit the
experimental facts there might be others, of more or less complication, which would also be self-
consistent and would satisfy the tests we have used. Much more work is required, on world-wide
results, before an explanation can be claimed to be unique.

1. INTRODUCTION

In the preceding paper Schmerling & Thomas (1956) have deduced the electron density
at a series of different heights and times of day at Huancayo, Watheroo and Slough, at
midsummer, midwinter and equinox and at different epochs of the solar cycle. They
restricted their attention to the international magnetically quiet days in the appropriate
months, and from them they deduced the form of the ‘mean quiet F layer’ which gave
a description of the fundamental behaviour of the layer without undue emphasis on those
small-scale movements which differ from day to day. Itisthe purpose of this paper to use
these results to make some deductions about the rates of production and loss of the electrons.

It is now recognized, thanks largely to the work of Martyn (19554), that regular move-
ments play an important part in determining the electron distribution in the F layer, and,
until their nature is known, it is difficult to deduce the rates of production and loss of
electrons. In this paper we shall not make assumptions about the detailed nature of these
movements; we shall, instead, use methods of analysis which, while recognizing their
presence, minimize their effects. We shall then neglect these effects altogether, and shall find
that our conclusions, based on a considerable mass of data, are consistent. We shall then
suggest that we have arrived at a possible description of the rates of production and loss
of electrons in the F layer. Our method of analysis is such that we cannot claim that the
suggested mechanism is unique; there might be others which would satisfy our tests, but
so far we have not found any.

It has been alternatively suggested in the past that electrons, of number density N, might
disappear from the F region of the ionosphere by a process analogous to recombination, in
which the rate is proportional to N2, or by one analogous to attachment, in which the rate is
proportional to N. It has also been suggested that the constant of proportionality might be
smaller at greater heights. Some of these possibilities have been discussed by Bates &
Massey (1948). In partI of this paper these suggestions will be considered in the light of the
observed facts.

There have in the past been two different hypotheses about the rate of production of
electrons in the F region. In both it is supposed that the electrons are produced by the
ionization of some atmospheric constituent by ultra-violet radiation from the sun. The two
different suggestions are concerned with explaining why an F, layer is formed above, and
distinct from, the F; layer. In one suggestion it is assumed that the peak of electrons in the
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PRODUCTION AND LOSS OF ELECTRONS IN THE IONOSPHERE 623

F, layer is located near the peak of production of electrons, and that a second, and inde-
pendent, peak of production is responsible, lower down, for the formation of the F, layer.
On this hypothesis it is supposed that both the layers are similar* to classical Chapman
(1931 a) layers. We shall call this hypothesis for the formation of the F, layer the ‘ hypothesis
of a Chapman layer’.

On the second hypothesis the peaks of electron density in the F, and F; layers are supposed
both to be produced by the same incident radiation acting on the same atmospheric con-
stituent. The peak of electron production is supposed to be near the level of the F, layer, but
the rate of electron loss decreases so rapidly above that level that a second peak of electron
density is formed and constitutes the F, layer. This suggestion was first made by Bradbury
(1938) and haslater been repeated by several other workers. We shall call this the ‘ Bradbury
hypothesis’ for the F, layer. The two hypotheses are illustrated schematically in figure 1.

electron density, N; loss coefficient, K and rate of production, ¢
(a) Chapman () Bradbury

Ficure 1. To illustrate the ‘Chapman’ and the ‘Bradbury’ hypotheses for the
' formation of the F, layer.

In part IT of this paper we shall discuss Bradbury’s hypothesis in the light of observed
facts in an attempt to see how far it can be made self-consistent.
The conclusions of the paper are collected and discussed in part III.

PART I. THE RATE OF LOSS OF ELECTRONS

2. METHODS OF CALCULATION

In the past several attempts (Appleton 1937; Seaton 1947, Baral & Mitra 1950), have
been made to determine the rates of electron loss at different heights in the F region, but
it is now generally accepted that the results are vitiated by the occurrence of movements.
In this paper we shall use two different methods of calculation in which it is suggested that
the effects of movements need not be included. In one method (§3) use is made only of
night-time results and in the other (§§4 to 7) results obtained over 24 h are used. The former

* More elaborate hypotheses have allowed for height changes of scale height and coefficient of electron

loss, but the essential feature, that the two layers are produced by independent processes, with their pro-
duction peaks at different levels, is not, on these hypotheses, altered.
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624 J. A. RATCLIFFE AND OTHERS ON THE

- provides evidence that the loss coefficient is smaller at greater heights, and the latter leads
us to the conclusion that, between 240 and 350 km, the loss rate is proportional to the
electron density N. |

‘ 3. RESULTS AT NIGHT

By making use of the results of Schmerling & Thomas (1956) itis possible to consider the
variations of electron density at any one of a series of heights. The results from Slough and
Watheroo for the different seasons in years of high sunspot number show that, at all heights,
at night the electron density decreased uniformly with time as though controlled by a process
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Ficure 2. Loss coefficient K determined from night-time observations in years of high sunspot
number. x average from the ‘mean quiet F layer’ for three seasons from Slough; e average
from the ‘mean quiet F layer’ for three seasons from Watheroo; A average for forty individual
nights in different seasons at Slough; O values of K for three nights at Fraserburgh; — mean
curve through observations.

of electron loss. At Huancayo, and at Slough and Watheroo in years of low sunspot number,
the behaviour was not so simple, and the electron density at some levels increased during
some part of the night. We propose to consider the simpler results from Slough and Watheroo
in years of high sunspot number and to see whether they lead to consistent conclusions on the
supposition that at those times the effects of movements were negligible compared with
the effects of electron loss. :

The N(¢) curves, which showed how the electron density (N) varied with time (¢) at
a series of given heights, were examined. It was found that the results agreed fairly well with
the assumption that the loss coefficient at each height remained constant for some 8 h after
sunset. The accuracy was not sufficient to enable us to decide with certainty whether a rate
of loss proportional to N2or to N fitted the results better. We give only the values appropriate
to a rate of loss KN, since this is what we shall be concerned with later. The values of K,
deduced for a series of different heights, from the ‘mean quiet F layers’ appropriate to
several months at Slough and Watheroo, are shown in figure 2.
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PRODUCTION AND LOSS OF ELECTRONS IN THE IONOSPHERE 625

We have also examined the results obtained on some individual nights by selecting those
occasions on which the electron density decreased smoothly at all levels. The results for
three separate nights at Fraserburgh and the average for 40 nights at Slough are included in
the figure.

Although the results shown in figure 2 are derived from several places and seasons they
are, nevertheless, fairly consistent. This fact encourages us to consider the possibility that
they do, in fact, représent the loss coefficient, and that on these occasions movements had
little effect. There are, of course, movements which, together with different loss coefficients,
would lead to the experimental results, but these would have to have the same effects at all
places and seasons considered. We shall, for the time being, explore the results of supposing
that figure 2 correctly represents the magnitude of the loss coefficient at different heights.

Between the heights of 250 and 350 km the results of figure 2 are fitted fairly closely by
the curve which is represented by ’

(1)

K= 10‘4exp{?io—o—i(k—m2} s

50

The possible significance of this result is discussed in §15 (¢).

4. THE SECOND METHOD OF INVESTIGATION

We first assume that the behaviour of the ‘mean quiet F layer’ described in §1 would be
repeated from one day to the next. The total number of electrons produced in 24 h in a unit
- column of the atmosphere would then be equal to the total number disappearing by
processes of electron loss, and this equality would be maintained whatever vertical move-
ments there might be. To make use of this necessary equality we shall calculate: (i) the total
number produced on some hypothesis () about their rate of production, and (ii) the total
number lost, by considering the experimentally determined values of N, together with
some hypothesis (/) about the rate of loss. In our different forms of the hypothesis (p) we
shall make assumptions about how the production varies with height, time and geographical
location; and in different forms of (/) we shall make assumptions about how the loss rate
depends on the electron density and the height. The absolute magnitudes of the production
and loss rates will not be taken as known, but we shall assume that the loss rate is the same
at different places and times. We shall then, for different seasons and places, at the same
solar epoch, determine the ratio of the total number of electrons produced in 24h to the
total number lost, and shall seek for that pair of hypotheses (p) and (/) for which the ratio
is most nearly constant. We shall then suggest that this pair corresponds most nearly to
reality. :

Unfortunately, it is not possible to consider the whole extent of a unit column from the
ground to the outside of the atmosphere. We shall, instead, consider the unit column to be
terminated below at a height of 240 km, and above at the height of the F, electron peak. It
then becomes necessary to consider the transfer of electrons across these two boundary
planes, in the following way.

At a fixed height the rate of change of electron density is given by

AN/d¢ = g— K, g(h) N*—d(Nw)/dh, (2)

77 Vor. 248. A,
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626 J. A RATCLIFFE AND OTHERS ON THE

where ¢ represents the rate of production, and w represents the vertical velocity of the
electrons. The loss rate is here written K, g(%) N*, so that, by giving n the values 1 or 2, it
can be assumed proportional either to N or to N?%, and the function g(%) allows for the
possibility that the loss coefficient might change with height.

Now let us consider a unit column extending from height %, to height %,, and let us
integrate equation (2) with respect to height and with respect to time from ¢, to ¢, to give

[["war] - [" fhlqdhdt——- [ ranae—[ [ (30) ae] " (3)

If t, = t,+24 h the term on the left-hand side is zero for a distribution of electrons which
repeats from day to day. The first two terms on the right-hand side are the total number
- produced and the total number removed by the loss process in 24 h, and they would be equal
if the last term, which represents the effect of the movements, were zero. Now, although the
movement term in equation (2) is known to be of such importance that its neglect cannot,
in general, lead to useful results, it appears to be worth exploring the consequences of
neglecting the movement term in equation (3). Some justification for this procedure might
be found in the fact that most theories of the movement suggest that the velocity (w) is
oscillatory and that it is directed upwards and downwards for equal times during 24 h. If
this were so the movement term in equation (3) could well be relatively less than that in-
equation (2), and it mlght be small in comparison with the other terms. It should be
noticed that, in our calculations, the upper limit will be taken at the height of the F, electron
peak, but in equation (3) it was taken at the constant height A4,. This difference does not
invalidate our reasons for suggesting that the movement term in equation (3) might be
small. |

The procedure here is to neglect the movement term in equation (3) and to see whether
any pair of hypotheses () and (I) provides results which are more consistent than other
pairs. This is not the same as neglecting the effects of movements in re-distributing the
electrons: the movement term in equatlon (2) could be quite large. The method of
calculation is as follows. :

The rate of production of electrons in unit volume at height # and time ¢ can be repre-
sented by ¢,f(h, t), where ¢, is the rate at the production peak when the sun is in the zenith.
g, is expected to vary with the epoch in the solar cycle. The height of the production peak
will depend on the chosen hypothesis (p) and will be different according as the F, layer is
supposed to be Chapman-like or Bradbury-like. The function f(4,#) will depend on the
geographical location and the season. The total number of electrons produced, between
heights #, and /%, in unit column in 24 h is then given by ¢, P, where

wP = gof [0, 0) anat (4

The magnitude of P (for production) can be evaluated for different hypotheses, places and

seasons.
As previously explained we shall allow for different hypotheses about the rate of loss of

1 b itin
electrons by writing —d{N(h, t)}/dt = K, g(h) {N(h, 1)}", (5)
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PRODUCTION AND LOSS OF ELECTRONS IN THE IONOSPHERE 627

in which 7 takes the value 1 or 2. The total number of electrons lost, in 24 h, in unit column
between heights %, and 4, is then given by K, L, where

KL f * f " [Nk, }/de] dhat

_Kff h) {N(h,?)}» dhdt. (6)

The magnitude of L (for loss) can be evaluated numerically from observed values of N(#, ¢)
and assumed forms of g(#%).
The total number of electrons produced in the bounded unit column in 24 h (equation
(4)) may now be equated to the total lost (equation (6)), to give the relation
/K, = LIP. )
The quantities P and L are evaluated from equations (4) and (6) for a series of different
seasons and places at epochs when the sunspot numbers are nearly the same. The places are
chosen so that P and L vary over a wide range.* Equation (7) shows that the ratio L/P
should be constant, and equal to g,/K,. We therefore chose that pair of hypotheses to be the
most satisfactory for which the ratio L/P is found to be most nearly constant. The calculation
of P and L is discussed in §5 and 6 and the best hypotheses are selected in §7.

5. THE ELECTRONS PRODUCED IN 24 HOURS

It is assumed that the electrons are produced in a gas of constant scale height H by the
absorption of a monochromatic radiation, so that ¢, f(%,?) in equation (4) is given by the
expression due to Chapman (1931 4)

g = qof(hst) = goexp{l —z—e *secy (1)}, (8)
where y(f) represents the sun’s zenith distance z = (h—h,)/H, where 4, is the level at which
¢ has a maximum when y = 0. It can then be shown that

P "
fh %f(h, t) dh = qu zf(Z, t) dz

— goHcosy(f) [exp {1 —e~secy()}—exp {1 —e secy()}]. ()1
We now consider two different hypotheses () as follows.

(a) The hypothesis of a Chapman region

In this hypothesis it is assumed that the peak of the electron density in the F, layer is near
the peak of the corresponding electron production, and the electrons which can be detected
are assumed to be all those produced below the peak of production. The upper limit in
equation (9) is therefore z, = z,, where z,, is given by e*» = secy by standard theory, so
that, from equation (9)

fhzqof(/z, t)dh = gyHcosx(¢) [1 —exp{l —e “secx(£)}]-

* P and L change with the solar epoch the season, and the geographical location. The values of N(k)
from which L is deduced vary even more radically.

1 If we put z; = —o0 and z, = +00 we see that this expression is equal to g,He cos ) so that the rate of
production of electrons in a unit column extending right through the atmosphere is proportional to cos ¥, as
is well known.

772
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628 J. A. RATCLIFFE AND OTHERS ON THE

If the integration were extended down to the ground (z; = — o) the magnitude would be
goH cosy. Ifitis extended only down to z, = —2 the magnitude is

goH cos x{1 —exp (1 —"T7-4secy)},

which is, for all values of y, sufficiently nearly the same. Thus if we concern ourselves with
a column extending from the production peak down to levels. two scale heights or more
below that peak, then the rate of production of electrons in this column is ¢, H cosy. The
total number of electrons produced in this column in 24 h is then (equation (4)) given by

qoFc, where 24
00Po = 00H "cos(t)ds,
0
_ 24
so that Py/H = f cos x(#) dt. (10)
0 .
Here we write P to indicate that the quantity is appropriate to the hypothesis of a Chapman

region.
06

0-4

$(x)

0-2

| ! ] ] ]
0 20 40 60 80 100

x degrees

Ficure 3. The function ¢(x) of equation (12) for different values of z,.

" The magnitude of P,/H is evaluated for any place and any month by calculating cos y(&)
as a function of time in the usual way and performing a graphical integration. It is listed,
for different months at Slough, Watheroo, and Huancayo, in line 4 of table 1.

(b) The Bradbury hypothesis

We next assume that the electrons in the F, layer are produced by the radiation which
causes a peak of production in the F; layer. We shall consider the production and loss of
electrons throughout a unit column extending from the peak of electron density in F,
downwards to a level which is one and a halfscale heights* (H) above the peak of production
in the F layer. If the peak of the F, electron distribution is at a reduced height z, above the
peak of production, then equation (9) shows that the rate of production of electrons
throughout the column considered is

oH[ flztdz=gHpw, (1)

where P(x) = cosy{exp (1 —e *2secy) —exp (1 —e~!secy)}. (12)

Figure 3 shows the form of ¢(y) when z, = 3, 4 and . In the experimental data which we

shall use the electron peak was at a height between 280 and 380km. To obtain preliminary
* In §15(b) we shall justify the use of z; = 1-5 at a height of 240 km.
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PRODUCTION AND LOSS OF ELECTRONS IN THE IONOSPHERE 629

results we shall suppose that it is about 4 scale heights above the production peak, and shall
use the values of ¢(x) for z, = 4. We shall show later that this choice is reasonable. The extra
complication involved in trying to choose the best value of z, for each particular case does
not seem to be justified, so long as the magnitude of H remains uncertain.

The total number of electrons produced, in 24 h, in unit column extending from z, = 1-5
to z, = 4 is thus given by ¢, P, where, from equations (4) and (11),

wPs = 0o [ B}
or PyJH = f (0} de. (13)

Here we write P, to lndlcate that the quantity is appropriate to the hypothesis of a Bradbury
layer.

The magnitude of Py/H is evaluated for any place and season by calculating ¢{x(¢)} as
a function of time with the help of equation (12), with z, put equal to 4, and performing
anumerical integration. Values are shown, appropriate to Slough, Huancayoand Watheroo,
at different times of the year in line 5 of table 1.

6. THE ELECTRONS LOST IN 24 HOURS

The results of § 3 appear to show that the loss coefficient decreases with increasing height
so that the F, layer could be produced by the Bradbury process. For the sake of completeness
we shall, nevertheless, consider what would happen if the loss coefficient were independent
of height, so that the F, layer would be of the Chapman type. For this purpose we put g(%)
in equation (5) equal to unity and the equation then takes one or other of the forms

— d{N(h, )}/dt = K, N(h,), (14)
— d{N(h, )}t = KAN(h, )} (15)

Ifthe F,layer is a Bradbury layer the loss coefficient must decrease with increasing height.
As a working hypothesis we shall assume that, at the heights with which we are concerned,
g(h) = exp{(800—£)/50 (km)} in accordance with equation (1). In order to determine the
total number of electrons lost in 24 h it is then necessary to evaluate the quantity L defined

by equation (6) as 2 '
y equation (6) a K,L=K,[" [ g (Vb ) dhd. (16)
: 0 Jh

The function g(%) has been taken as unity at a height of 300 km, so that K, represents the
magnitude of the loss coeflicient at that height. Values of N(4, {) were taken from the ‘mean
quiet F layers’ computed by Schmerling & Thomas (1956). Their results were used in the
form of curves showing N(¢) at a series of heights separated by intervals of 20km. The
integral of equation (16) was then computed numerically. The lower limit %, was taken as
240km, and the upper limit at any one time was the greatest height to which N could be
measured, and corresponded to the height of the electron peak. This 11m1t varied through
the day but was usually between 280 and 350 km.

The magnitudes of L, for the different seasons and places, calculated on the different
hypotheses of equations (14) and (15), are listed in lines 6, 7, 8 and 9 of table 1, where they
are labelled L(K,) and L(K,) for the case where g = 1 and L(K,g) and L(K,g) for the case
where g varied with height.
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PRODUCTION AND LOSS OF ELECTRONS IN THE IONOSPHERE 631

7. THE BEST HYPOTHESIS FOR THE RATE OF ELECTRON LOSS

The best hypothesis is now selected by the process explained in §4. The ratio HL/P for
the different hypotheses is obtained from the computed values of L and P/H. The results
are listed in lines 10 to 13 of table 1 and the hypotheses involved are indicated by C for
Chapman and B for Bradbury, K, and K, for loss rates proportional to N and N2respectively,
and g to indicate that the loss rate varied with height. The occasions examined are grouped
into two sets, for which the sunspot numbers R* were near 10 and near 80. The most
satisfactory hypothesis is taken to be that for which the spread of the values, in any one
group, is the least, and to help in searching for this the magnitude of the coeflicient of
variationt is evaluated for each group and each hypothesis and is listed in columns 11 and
21 of table 1.

It is at once evident that hypotheses involving a rate of loss proportional to N2, i.e. those
labelled K, or K,g in lines 11 and 13, show a greater spread of values than those involving
a rate proportional to N, and labelled K, or K, g in lines 10 and 12. The difference is more
noticeable in column 11, which refers to R =10 than in column 21, which refers to R = 80.
We suggest that the results indicate, at least for the smaller sunspot numbers, that the rate
of electron loss is proportional to N. This result is applicable to the range of heights between
240 and about 350 km, with which we have been concerned in our calculations.

PART II. BRADBURY’S THEORY OF THE F, LAYER

8. BRADBURY’S HYPOTHESIS

In this part we propose to present a critical examination of Bradbury’s hypothesis,
illustrated schematically in figure 15. Up to now it has not been possible to examine this
hypothesis in detail, partly because the movements of the electrons in the layer were
unknown, and partly because there was no estimate of the rate of electron loss. We have
now obtained, in part I, an estimate of the rate of loss at different heights. We shall use it,
together with a knowledge of the electron distributions in the ‘mean quiet F layer’ of
Schmerling & Thomas (1956), and with some new observations of the F layer near sunrise,
to examine how far Bradbury’s hypothesis can be made self-consistent.

We shall show that it seems to be self-consistent when examined in this way, and that it
leads to an estimate of the average scale height of the ionizable constituent of the atmosphere
between the levels of 200 and 350km. Finally, we shall use the results of our calculations
to discuss the part played by diffusion under gravity in the F region. We shall discuss our
results in part ITI.

9. ELECTRON PRODUCTION IN THE F| LAYER

Let us first consider the rate of production of electrons at the peak of the production
curve, supposed to be near the level of the F| peak of electrons. There is considerable
evidence to show that the F, layer approximates closely to a classical Chapman layer
formed at a level where the rate of electron loss is a N2 (recombination-like) (Appleton

* Throughout this paper we have used the monthly average relative Ziirich sunspot numbers.

1 The coefficient of variation of a series of numbers x; is defined as {(x; —%)%}}/x. It is the ratio of thc
standard deviation to the mean value.
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632 J. A. RATCLIFFE AND OTHERS ON THE

& Naismith 1935; Tremellen & Cox 1947; Allen 1948) with ¢+ 5x10"%cm3s~! (Bates
& Massey (1946), Rydbeck (1946)). If the evidence is accepted it is possible to deduce the
peak rate (¢,) of production of electrons when the sun’s rays are incident vertically from the
standard expression
1-24 x 104 f, F1(Mc/s)}? = N,, = J{(gocos x) /a}. (17)
The magnitudes of ¢,, deduced in this way from the published data for Slough, together
with averages of wide-world data, are shown in figure 4 plotted against mean sunspot
numbers R. It appears that for values of R up to 150

7o=280(1+1-4x1072R) cm™3s71, (18)

I | I I | | | |
0 40 80 120 160

Ficure 4. The relation between g, and R, where g, is the peak rate of electron production in F, for
X =0, assuming o = 5x 10~ cm®s~1 and R is the monthly average relative Ziirich sunspot
number. © Slough 1932-53; A world averages.

In what follows we shall assume that g, has the value shown in figure 4. This value is pro-
portional to the assumed magnitude of « which depends essentially on the results of some-
what unsatisfactory experiments made during eclipses.

The height of the peak of electron production in the F] layer is notoriously difficult to
estimate. We shall here take it to be 180 km, but this is not much more than a guess. We shall
return to a discussion of this height in §15 (5).

10. THE SOLAR CYCLE AND THE F, LAYER

If Bradbury’s hypothesis is correct it should be possible to show that the intensity of the
radiation responsible for ionizing the F, layer varies with the solar cycle in the same way as
that responsible for the F; layer. Now by the argument of §4, in which the total number of
electrons produced and lost in 24h were equated to each other, it was shown that the
quantity L, calculable from experiment, could be related to ¢, (the rate of production
at the production peak for y = 0) and K, (the loss coefficient at 300 km) by equation (7),
i.e. L/P = q,/K,, where P is calculable. If then K is assumed to be constant throughout the
solar cycle L/P should be proportional to g,. Quantities proportional to L/P are given in
table 1 for a series of places at solar epochs for which R is near 10 and near 80. The averages,
and their coefficients of variation, taken from lines 12 and 13 and columns 10, 11, 21 and 22
of table 1 are listed in table 2. On the supposition that these quantities vary with R like
(1+aR) the values deduced for a are shown in the last column.
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The first line in the table corresponds to our previous suggestion, that the rate of loss is
given by K; N. It is seen that it leads to a value of @ which is consistent with the value
(1-4 X 1072) deduced from observations on the F| layer. To this extent, therefore, Bradbury’s
hypothesis is satisfactory. The second line refers to a case in which Bradbury’s hypothesis is
used in calculating the rate of production of electrons, but their rate of loss is taken to be
K, N2. The fact that the value deduced for a is then incompatible with that deduced for
the F| layer gives further reason for preferring the suggestion, already made in §7, that the
rate of loss of electrons between the heights of 240 and 350km is proportional to N and
not to N2.

TABLE 2
(The numbers in brackets represent the coefficients of variation of the quantities concerned)

proportional to L/P

r N

hypothesis R=10 R=80 10%a
K, (line 12) 17(03) 30 (0-3) 13 (0-4)

K, (line 13) 52 (05) 22 (0-6) 87 (0-7)

~ 11. THE RATE OF PRODUCTION IN THE F, LAYER

If electrons are produced in the F, layer by the ionizing radiation which has its peak in
the F| layer, then the rate (¢) of production in the F, layer will depend on the average scale
height (H) of the ionizable constituent. By comparing this rate with that (¢,) at the level of
the peak in the F| layer it is possible to deduce a value for H as follows.

Equation (7) shows that _ g0/K, = LJP.

Now ¢, has been estimated from our knowledge of the F, layer and K, has been measured
(see figure 2) to be 10~%s~1, so that L/P can be deduced. But the quantity HL/P, computed
from experimental results, is listed in line 13 of table 1, and so the magnitude of H can be
deduced. The results are as follows, where the numbers in brackets represent the coefficients
of variation:

For R near 10: ) :
go =320 HL/P =16x10'2(0-25),
giving H = 46 (0-25) km.

For R near 80: | '

go = 600 HL/P = 29x10'2(0-32),
giving H = 44 (0-32) km.

In considering the significance of these figures the following points should be noted:

(a) The magnitude deduced for H is inversely proportional to g, which is itself pro-
portional to « in the F layer. It has already been mentioned that the magnitude of this
quantity is somewhat uncertain. If the value 8 % 10~% recently suggested by Minnis (1955)
were used we should deduce H = 28 km. '

(b) In the computations leading to the figures of table 1 the lower boundary of the unit
column under consideration was taken to be at 240km. In the corresponding theory of
§ 5 (b) it was taken to be a distance 1-5H above the level of the production peak for vertically
incident radiation. Now that we have deduced that H =45km these two values are seen
to be consistent if we assume that the production peak is near 180 km.

78 Vor. 248. A.
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(¢) The magnitude of K, was determined from observations made at night, whereas in
estimating the total loss it is the day-time contribution which is of major importance, since
the rate of loss is proportional to the electron density (N).

12. OBSERVATIONS NEAR SUNRISE

Oneofus (C.S.G.K.8.) has recorded #'( ) curves at frequent intervals through the period
of sunrise at Cambridge, for a series of days between April 1954 and April 1955. N(#) curves
were plotted from the records to show how the electron density (N) depended on the time (#)
at a series of different heights. The details of this work will be presented in a separate paper,
but we shall here make use of the preliminary results to deduce the rate (q) of production of
electrons near sunrise at a height of 320km. By comparing this rate with g, we shall make
another, and independent, estimate of H.

The rate of increase of electron density at a height (%) is given by the equation

dN/dt = g— KN—M, (19)

where K represents the loss coefficient and M represents the effect of movements. If the
only movements arein the vertical direction, with an upward velocity w, then M = d(Nw)/dA.
Suppose now observations are made just before layer sunrise at the height considered and at
a certain time soon after layer sunrise. Then, by subtracting two equations like (19), one for
each time (subscripts 1 and 2), we find

¢z = (AN/dt)y— (AN/dt), + [K(Ny— M) +My =M, + 1] (20)

If the terms in the square brackets could be neglected it would be possible to determine ¢,
from observations of d/N/df. Reasons will now be given which suggest that the terms
mentioned are probably negligible, under certain conditions.

2-01—

10-5N(cm3)

6l
o1 02 03 04 05 06 07

G.M.T.
Ficure 5. Electron density NV as a function of time at a height of 320 km on 2 April 1954,

We shall consider N(#) curves, of the type shown in figure 5, obtained in summer for
a height of 320km. Itisnoticeable that there is a marked change of the order of 20 cm™3s~!
in the slope of the curve shortly before ground sunrise. The average magnitude

[(dN/d),— (dN/dt),]

of this change, for 10 days between March and September 1954, was 19+1cm™3s"!. On
the same days the average magnitude of K(N,— N)) calculated by putting K = 7 x 10735~
appropriate to 320km, was 3-5. The term K(N,—N)) can therefore be neglected in the
equation.


http://rsta.royalsocietypublishing.org/

/

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

PRODUCTION AND LOSS OF ELECTRONS IN THE IONOSPHERE 635

It is more difficult to justify the neglect of the movement term (M, —A4;). Itis, however,
noticed that the rapid change in the slope of the N(¢) curve occurs, at all seasons, during the
hour before ground sunrise, and it appears probable that it is caused by a sudden increase
of ¢, rather than by a sudden change of M occurring just at this time.

- We now select the first time (¢;) just before sunrise on the layer, and write ¢, = 0, and also
assume that the other terms in the square brackets are negligible. The time (,) is taken at
ground sunrise, when the solar zenith angle y is 90° and ¢, is calculated from the measured
magnitudes of (dN/df), and (dN/dt), by the use of equation (20). The mean value found
for ¢(x = 90) at a height of 320km on days in the period March to September 1954, was
194+1cm™3s7L,

We now relate this magnitude of ¢ to the magnitude (¢,) at the peak of the production
curve when y = 0. The relation is given by the expression, due to Chapman,

—M _ Ch(y, H) exp (” H”)}. (21)

Because we are concerned with times near sunrise it is necessary here to use the function
Ch(y, H), introduced by Chapman (19314) to allow for the curvature of the earth. Its
magnitude depends on the scale height assumed for the gas which absorbs the ionizing
radiation. If we insert the values ¢ = 1941, g, = 340 (appropriate to the epoch 1954)
h = 320, hy = 180, into equation (21) we find, by trial, that it is satisfied for values of
H between 40 and 45km. This range of values is not inconsistent with that obtained in
§11 by considering the total production and loss of electrons throughout a day.

h
g= qoeXp{1+ g

13. DIFFUSION UNDER GRAVITY IN THE F, LAYER
If the Bradbury hypothesis is accepted it is now possible to use the equation

dN/dt = g— KN—M : (19)

to determine the magnitude of M at any height and time. For this purpose the magmtudes
of N and dN/d¢ are taken from the experimental results, g is calculated from equation (21)
with H put equal to 45km and K is obtained from figure 2. The detailed results are not yet
available, byt their order of magmtude isalready clear. The maximum magnitude deduced
for M on any one day at a distance of about 50 km below the electron peak was of the order
100 cm—35-! near midday and 40 cm~3s~! near midnight*.

The movements whose effects are represented by M are presumably caused jointly by
the bodily movements of the atmosphere (if any), by electromagnetic forces, and by
diffusion under gravity. We shall write

M =M1 "l’MD, (22)

where M,, represents the result of diffusion under gravity and A4, the result of other move-
ments. The magnitude of A4 is difficult to estimate without considerable speculation, but
the magnitude of M), seems to be well established from standard diffusion theory. Hulburt
(1928) and Ferraro (1945) have shown how it depends on the shape of the electron dis-
tribution, the number density of neutral particles and the scale. height of the composite

* The mean magnitude of M near midnight must, on our argument, be zero, since it was assumed to
be zero when the values of K were deduced in § 3.

78-2
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636 J. A. RATCLIFFE AND OTHERS ON THE

atmosphere at the level considered. The smaller the number density of neutral particles the
greater the rate of diffusion. Iftherefore we could set an upper limit to the magnitude of M,
we could deduce a lower limit for this number density in the F, layer. This is what we now
attempt to do.

We have already stated that maximum values of M have been found approximately.
Now it might be that the movements produced by diffusion under gravity (M) and by
other forces (M,) were both larger than M but- of opposite signs. All theories agree,
however, in suggesting that M, is oscillatory and that it has different signs at different times
of day and night, whereas M), has the same sign at all times for the cases we shall consider.
Under these circumstances it seems safe to say that, however large the oscillatory term 4]
may be, M;, cannot be greater than the maximum value of M. We shall therefore take the
computed magnitude of M to be an upper limit to A,

0

#(y)

Ficure 6. The function ¢(y) = exp (—y) {a?/H?— 4+ 6y —y?} of equation (26)
for different values of a/H.

We now turn to consider the expected magnitude of M),. Ferraro (1945) has shown that
it is given by an expression which may be written in the form

lz——/zl}{dzN 3 dN N;,

- b .
My(h) =~ sin* exp g2\ G+ o + a7

(23)
where b = 10'9cm~!s~1is a constant derived from the theory of diffusion,

n; = the number density of the composite atmosphere at a reference level #,,

I = the angle between the horizontal and the earth’s magnetic field,

H = the scale height,

N = the number density of electrons,

h = the height.

Except at Huancayo the electron distribution profiles with which we shall have to deal
are approximately parabolic, as given by

N = N,{1—(h,—h)*a?}. (24)

Under these circumstances the following expression may be derived from equation (23):

My(y) = —(bN,,/2n,,0%) $(y) sin* 1, (25)
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PRODUCTION AND LOSS OF ELECTRONS IN THE IONOSPHERE 637
where N, n,, and £, represent values at the peak of the electron layer
y = (h,—h)/H

and 8(y) = exp (—y) {(a?/H?) —4 46y —y? (26)
The function ¢(y) is shown, for different values of the ratio a/H, in figure 6.

Equation (25) wasthen used in the following way. M,(y) was given the value 100 at midday
and 40 at night appropriate to y = 1, i.e. to a distance of about 45 km below the height (4,,)
of the electron peak, and the parameters (g, &, and N,,), which specify the shape of the layer,
were determined from the ‘mean quiet F layers’. The equation then provided a value for
n,,, the number density of neutral particles at the height #,,. The data for different occasions
at Slough and Watheroo are shown in table 3. According to our calculation the values of 7,
are to be considered as minimum values. They will be discussed in § 15 (¢).

TABLE 3. F, LAYERS OBSERVED AT SLOUGH AND WATHEROO

midday midnight
"4 h, 10-5N, 10-%z,  a k, 105N, 10-%z,
date (km) (km) (cm3) (cm=3%)  (km) (km) (cm=%)  (cm™3)
Slough
Sept. 1953 40 270 4 8 75 360 12 37
Mar. 1950 70 320 13 17 115 400 35 87
Dec. 1953 35 250 4 9 60 320 13 45
July 1950 70 330 6 8 105 380 48 1-3
Watheroo ,

Mar. 1944 70 320 77 9 60 330 17 57
Mar. 1939 150 360 13-6 14 100 380 32 8-5
Dec. 1944 75 365 7-2 9 65 - 360 3:0 9-5
June 1940 50 320 84 16 80 365 1-3 37

The parameters (a, h,, N,) of equation (24) which describe the electron distribution at the times shown,
and the magnitude of 7, the minimum number density of neutral particles at the height #,,, deduced from
them.

PART III. GENERAL DISCUSSION

14. THE RATE OF ELECTRON LOSS

In parts I and II we have outlined mechanisms of electron production and loss in the
F region which seem to be fairly self-consistent when they are tested in various ways which
do not call for detailed assumptions about the movements in that region. In this part we
summarize and discuss our conclusions.

First it was suggested, in § 7, that the rate of electron loss between heights of 240 and about
350 km is proportional to N and not to N2 This conclusion rests mainly on the arguments
of §7 concerning the total number of electrons lost and gained in 24 h in years of small
sunspot number. It involves several assumptions, for example, that the layer, whether
Chapman or Bradbury, is produced by a monochromatic ionizing radiation; that the
nature of the atmosphere, including its average scale height, is the same at different places,
seasons and solar epochs; that the loss coefficient is likewise constant; and that the total
transport of electrons back and forth over the top and bottom of a column is on the whole
small when integrated over 24 h (see § 4). The fact that some, or all, of these assumptions are

78-3
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invalid may account for the spread of the figures in table 1 and particularly those which
refer to large sunspot numbers. It seems reasonable, however, to make the assumptions
mentioned in order to arrive at a description which might be even approximately correct.

Next it was suggested, in §3, that the electron-loss coeflicient (K) decreases upwards as
shown in figure 2. This conclusion rests on night-time measurements which give consistent
results at two places and all seasons near sunspot maximum. The assumption is made that,
on these occasions, movements were unimportant. There might, of course, have been
important movements together with a quite different distribution of the loss coefficient.

When we consider the loss rate outside the range of heights 240 to 350 km there is reason
to think that the circumstances are different. Thus there is evidence that, at the peak of the
F, layer, at a height near 180km, the rate of electron loss is about 5 x 107° N2, and that it
does not change much with height.

700\

500{—

h(km)
I

300

100

| | L1
107100 10° 107 10 10"
Ko (s7)
Ficure 7. Suggested variation of loss coeflicient with height. The possible forms of the variation at
the two ends of the curve depend on the electron density (N ) as explained in the text. The solid
line might represent the variation for an actual layer.

These indications from experiment are closely parallel to the suggestions made by Bates
& Massey (1948) on theoretical grounds. They concluded that loss coefficients could only
be as great as those measured if dissociative recombination was important. In the higher
parts of the atmosphere they supposed atomic oxygen was the ionizable constituent and
that there were molecules XY (which might possibly be molecular oxygen O,) to which
pos1t1vc charges could be transferred from the atomic oxygen ions. The processes envisaged

were then

production O-+/Aiv—Ot e, (a)
Joss O*+XY—->O+ XY+, ()
{XY++e -X+7. (¢)

Where the molecules XY are scarce the process (4) would be rate-determining, and the rate
of loss of electrons would be proportional to n(O*) #(XY), i.e. to n(e) n(XY). This would
correspond to our suggestion that, above 240 km, the rate of loss is proportional to N (i.e.
n(e)) and its decrease upwards would correspond to the upwards decrease of n(XY). Lower
down it was suggested that there would be enough molecules XY to make n(XY*) = n(O")
so that the rate of loss, determined now by process (c), would be proportional to [r(e)]? and


http://rsta.royalsocietypublishing.org/

/

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

PRODUCTION AND LOSS OF ELECTRONS IN THE IONOSPHERE 639

only slightly dependent on height. This would correspond to the usual suggestlon for the
F, layer near 200 km.

Other theoretical reasons suggest that the electron-loss coefficient does not contmue to
decrease with height at the greatest heights. It has, for example, been pointed out that, at
the greatest heights, radiative recombination must ultimately be the predominant process,
with a rate of loss given approximately by 10~12 N2? (Bates, Buckingham, Massey & Unwin
1939). If we write N <106 then the loss process described by equation (1) will be as rapid as
that caused by radiative recombination at a height of about 550 km.

If the rate of loss is represented, at all levels, by K. N, then, on these ideas, K4, is given
by equation (1) at intermediate levels and by 5x 10~ N low down and 10-'2 N high up.
It is shown in figure 7 for a series of different values of N. Thus if near 200 km the electron
density were 3 X 105 (a reasonable day-time value for the F, electron peak) and near
500 km it were 10° (a reasonable daytime value for the F, peak) the curve drawn in a con-
tinuous line would approximately represent the loss rate. The implications of this figure are
of interest in considering the possibilities for the bifurcation of the F layer.

15. MOLECULAR DENSITIES IN THE UPPER ATMOSPHERE

~ (a) The average scale height of the ionizable gas

In part II a critical examination was made of Bradbury’s hypothesis and in §11 it was
shown that the average scale height of the ionizable gas, between heights of 200 and 350 km
would have to be of the order of 45 km if the electron production and loss were to balance
‘throughout 24 h. In §12 some completely different observations, made near sunrise, led to
the conclusion that this average scale height was between 40 and 45km. In what follows
we shall suppose that the most acceptable value is about 45 km.

Itis interesting to compare this scale height with recent suggestions made by Bates (1954),
who deduced the number densities of O and N,, at different heights, by extrapolating the
results of experiments with rockets. He called the resulting model of the atmosphere the
R model to distinguish it from the previously used G model which was based on the results
of experiments conducted on the ground. In the R model the temperature of the F region
is less than in the G model, and the scale height is correspondingly smaller. The R model is
illustrated in figure 8, from which it can be seen that between heights of 200 and 400 km
the average scale height of O is about 50 km and that of N, is about 30 km.

It has often been suggested that the ionizable constituent in the F region is O, and it is
interesting to note that over this same range of heights our value of 45 km for the scale height
is not very different from that of the suggested R model. If we had taken a larger value for
« in the F, layer, as suggested by Minnis (1955), we should have found even smaller values
for the scale height.

(b) The hezglzt of the peak of production o

In §9 it was assumed arbitrarily that the peak of electron production when X = 0 was at
a height %, = 180 km. This seems to be a reasonable assumption but, since our knowledge
is so uncertain, it is well to ask how our calculations would be altered if another assumption
were made. It is found that, if 4, = 200km, then H, the scale height of the ionizable gas, is
35km, and if 4y = 160km, then H = 65km. These values of H are deduced both by the
method of integration over the day (§11) and from the observations near sunrise (§12).
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- With our assumption that 4, = 180 km, and the corresponding deduction, that H= 45km,
the lower level 240 km, at which the numerical integration of § 6 was terminated, is approxi-
mately 1-5 scale heights above #,. The value z, = 1-5, used in §5 (4), is thus sufficiently
nearly correct.

(¢) The upwards decrease of the loss coefficient

In §14 it was explained that, on the theory of Bates & Massey (1948), the loss coefficient K
would, under certain circumstances, decrease with height in the same way as the number-
density of oxygen molecules O,. Nicolet & Mange (1954) have suggested that, under the
joint effects of photo-dissociation and diffusion, O, would be distributed in the F region

400,

200 I ! |
10° 107 10° 10° 10
number density (cm™3)

Ficure 8. The lines represent the number densities of N, and O according to the R model of Bates
(1954). The points represent minimum values of the number density deduced from the observa-
tions and the theory of diffusion. © Slough (day); @ Slough (night); + Watheroo (night);
A Watheroo (day).

with its normal scale height. The appropriate scale height would not be much different from
that for N, which, on the R model of Bates, shown in figure 8, is about 30 km. The experi-
mental values of the loss coefficient, shown in figure 2, appear, however, to decrease upwards
like exp (—£4/50) (see equation (1)), i.e. with a ‘scale height’ of 50 km. This is more nearly
that of O in the R model, and is, within the limits of experimental accuracy, the same as the
‘scale height’ of the ionizable gas.

(d) Diffusion under gravity

In §13 we used considerations of diffusion under gravity to derive minimum values for
the number density of neutral particles at a series of given heights. Thesewere listed as 7,, in
table 3 and are plotted in figure 8. The theory of Ferraro (1945), on which our calculations
were based, assumed that the ionizable constituent was the only one present, so that it will
be most nearly correct to compare our values with Bates’s curve for O. There is a significant
difference between the two, and it appears that our values, which are minimum values, are
about five times those of Bates. We can put this point another way, and say that, if the
R model were correct we should expect the movement term to be about five times greater
than the one we have calculated from the experimental results. We thus agree with the
remarks that Bates (1954) and Martyn (19554, b) have previously made, that it seems as
though diffusion under gravity would be too large on the R model to escape observation.
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Although there is this significant discrepancy between our results and the deductions of
Bates it does, nevertheless, appear remarkable that, to a first order, they are roughly the
same. Indeed, it almost seems that the level of the layer had adjusted itself so that the
diffusion term would not be evident from the calculation. If, for example, the layers listed
for Slough in table 3 had been formed by day at the levels where they are found at night
(i.e. about 2 scale heights higher) the diffusion terms would have been about 10 times
greater and they would certainly have been noticeable in our results. Itis a little remarkable
that the layer seems to be just low enough for the effects of diffusion not to be measurable.

-These results lead us to suggest that possibly when the F, layer is high the level of its peak
is determined by the diffusion process itself. Suppose, for example, that other processes
tended to form a layer with its peak one or two scale heights above the observed peak. Then
at these greater levels diffusion would be rapid, and since diffusion under gravity always
tends ultimately to lower the peak of a layer, that peak would fall to a level where diffusion
was no longer the dominant effect. But that is just where, in fact, it is found to be.

It is interesting, in connexion with these ideas, to notice that those places where the peak
-of electron density is high are near the geomagnetic equator, where the earth’s magnetic
field suppresses vertical diffusion, as indicated by the term sin2/ in equation (23). At
Huancayo, for example, in December 1938, the electron peak was at a height of about
450 km, and the magnitude of M calculated from the experimental results by using equation
(19) was about 100. If the same distribution of electrons had been produced at moderate
latitudes, where sin?] =1, equation 25* shows that the magnitude of M,, one scale height
below the maximum would have been about 10%, if the atmosphere is as suggested by Bates.
The diffusion processes would clearly prevent the distribution frequently produced at
Huancayo ever being produced, for example, at Slough.

Since the effect of the earth’s magnetic field in suppressing diffusion is proportlonal to
sin? I it seems reasonable to suggest that it is this suppression which is primarily responsible
for the difference in the behaviour of the ionosphere at low and at medium latitudes, and for
the occurrence of the *geomagnetic anomaly’. In this connexion it is interesting to note that
diffusion would produce important changes in about 1h at a level of 300km and in a
considerably shorter time higher up.

16. GENERAL CONCLUSION

Athough it is reahzed that movements play a predominant part in determining the
shape of the F, layer the purpose of this paper has been to devise methods of calculation
in which their effects are small. In the investigation of the rates of production and loss
the effects have then been neglected. In each case some reason has been given for thinking
that the neglect might be less serious for our method of calculation than for methods used
previously and the fact thet our calculations lead to fairly consistent results is encouraging.
Although it is impossible to claim that our suggestions about the rates of production and
loss of electrons are the only ones which would be consistent with the facts, it does seem that
it might be worth while to investigate their implications more fully. This we hope to do.

* The electron distribution observed at Huancayo was more nearly linear than parabolic, and an
expression appropriate to this distribution was used, instead of equation 25, in the calculation. The orders
of magnitude would not have been altered if a parabola had been adjusted to fit the observations approxi-
mately and equation (25) had been used.
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We have benefited much in discussion with Dr K. Weekes whose critical attitude and
wide knowledge of the ionosphere have proved invaluable. Miss A: R. Robbins and
Mr H. Rishbeth have helped us with detailed calculations. We wish to thank them all. We
are indebted to the Department of Scientific and Industrial Research for a grant towards
the cost of this work.
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