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A STUDY OF ELECTFON DENSITY PROFIT.PS IN RELATION TO 
ION1 ZATION SOURCES AND GRG',bF*D-BASED 

RADIO WAVE ABSORPTION MEASUREMEN'IS, PART I 

1. INTRODUCTION 

In recent years computer modelling of photo-chemical procesaes has become 
one of the primary tools for advancing our -understanding of the lower ionosphere. 
Since the early work of Keneshea (1967) computer models have been continually 
updated and expanded as more and more reaction rate coefficients and cross 
sections have become known from laboratory measurements. Unfortunately in 
many cases it is not possible to adequately test the predictions of a particular 
time-dependent chemical model by comparison with results from rocket-borne 
in situ measurements. This is because, from a practical standpoint, rocket 
measurements cannot be made frequently enougil to accurately trace the time 
dependence of the experimental quantity. However, as will be brought out in 
this report, ou r  knowledge of at least one of the more important quantities, namely 
the electron density profile and its time dependence becomes much more precise 
when the results of in situ measurements can be combined with quantitative 
ground-based measurements of radio wave absorption. 

Extensive multi-frequency absorption data have been obtained for the equa- 
torial region over a long period of years by Gnanalingam (1972). Near the 
equator the anomalous day-to-day variability so characteristic of the mid-latitude 
winter mesosphere seems to be either absent or  at least greatly reduced. It i s  
well established that mesosphu,ric pressures, densities and temperature undergo 
significant variation, both day-to-day as well as seasonal. The magnitude of 
both these variations however are smallest at lowest latitudes. This meteorological 
stability together with the presumed absence of energetic particle precipitation 
makes the equator the preferred location from which to study the build-up and 
decay of the lower ionosphere when it is under a simple solar zenith angle 
control. 

With the large body of absorption data available for the equator as our control, 
we propose two objectives: (1) to deduce from a consideration of ion-pair pro- 
duction and loss processes the diurnal variation of the D- and lower E-region 
electron density profile for the conditions of an undisturbed sun at solar cycle 
maximum: and (2) to deduce the noontime electron density profile for the con- 
ditions of a moderately disturbed sun. Objective i2) will be the subject of a 
separate report which we hope to publish later. In t!ie present work we take up 
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objective (1) which we pursue as follows: We first construct &he best poesible 
noontimc reference electron density profile by combining the results of a rocket- 
borne ex:, 
absorption neasurements. Next, from our current knowledge of ionization 
sources, wL calculate the noontime profile of the ion-production function. These 
two sieps immediately define the noontime profile of ae , the effective electron 
recombination caefficient. We now assume that this profile of aef is time 
independent. From the calculated solar zenith angle dependence of the ion- 
2roduction function, we can then predict the decay of the electron density profile 
as the solar zenith angle moves toward sunset. Finally our predictions are 
tested against highly accurate measurements of the diurnal variation of radio- 
wave abeorption. The work is organized as follows:- 

' rnent with the results of a series of ground-basad multi-frequency 

In section 2 we compile an atmospheric model which is representative of the 
equatorial region during equinoctial months. The model up to 95 km is taken 
directly from tpe tables given by Groves (1971) and extended to 160 km by means 
of the data given by Jacchia (1971). F : the important minor consituent nitric 
oxide, w6 use the profile of Meira (1970). 

In section 3 we describe our electron collision frequency profile which is 
derived from the atmospheric model of section 2. Included in this collision 
frequency profile are first order correction terms for the effects of electron 
collisions with ions and with oxygen atoms. 

In section 4 we consider the solar radiations that govern the ion production 
function in the lower ionosphere. It is found that our knowledge concerning the 
variation of the X.U.V. flux with solar activity is rather poor. This sitrlation is 
unfortunate since it qakes it difficult to extrapolate flux measurements to dif- 
ferent levels of sol * activity. Nevertheless we proceed in section 5 to calculate 
wr ion production function versus altitude and solar zenity angle using what we 
think a re  the most appropriate values of solar X.U.V. flux for t h e  conditions of 
an undisturbed sun at solar cycle maximum. 

In section 6 results from a noontime rocket measurement at Thumba, India 
are combined with the results of multi-frequency absorption and virtual height 
measurements made at Colombo, Ceylon on 72 selected days. This combination 
,3f in situ and ground-based measurements is used to construct a reference 
electron density rjrofile for a solar zenith angle x = loo for the conditions of an 
ruldisturbed sun at solar cycle maximum. By combining this reference electron 
density profile Ne (ref.) with L e  ion production function Q(l0") calculated for 

>C = loo ,  we can define an effective recombination coefficient at, r=Qp'")/N: (ref.) 
C)ur dtituds profile of aClf  and its implications are discussed in sectic,, 7. 
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In section 8, starting with the reference electron density profile 88 an 
initiai condition, the solar zerrith angle dependence of the electron density Ne is 
calculated by numerically solving the familiar equation: 

dN/dt = Q ( y )  - aeffNe 2 

where Q ( y )  is the ion production function computed in section 5. 

From the electron density profiles of section 8 together with the collision 
frequency model of section 3 we can calculate the solar zenith angle dependence 
of radio wave absorption and virtual reflection height. "his is done in section 9 
where WB find that when the calculated values are compared against the measured 
diurnal variations, a gross discrepency is revealed. Until this discrepancy ie 
resolved, which wa have not been able to do, our understanding of the basic 
processes of the lower ionosphere must be considered unsatisfactory. 

F 'a l ly .  in section 10, for the sake of completeness, we construct an ad hoc 
set of Ne ( z , ~ )  profiles which yield agreement with the measured diurnal varia- 
tion of absorption and virtual height. It is believed that this set of profiles can 
provide a fairly stringest test for any theory of the lower ionosphere. 

2. ATMOSPHERIC MODEL 

Although we shall calculate the ion production function only to 110 km, ~8 
need an atmospheric model to at least 160 k u  to determine the attenuation of 
solar flux. The time independent atmospheric model which is used throughout 
the present work is based on the lower altitude data of Groves (1971) for 10' 
latitude at equinox, and extrapolated e0 160 km by means of the Jacohia (1971) 
model for an exospheric temperature of 1100 degrees Kelvin. Thie value of 
exospheric temperature waa chosen so (u1 to be coneistent with a 10.7 om solar 
flux level of 135 units, Le. the solar wndition under which our radio wave abrorp 
tion rdeasurements were obtained. Details of the model together with tabulated 
v 3 m s  are given in appendix A-1. 

3. COLLISION FREQUENCY MODEL 

The collision frequency model used in the present work ie b a e d  on the 
recent review of Phelps (1972). For the ionospheric temperatures with which 
we are concerned, monoenergetic electron collision frequencies for the major 
constituents N, and 0, can be combined conveniently into the expression 
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v = (6.5 f (3.7) x 10S~,,,k, P 

where pmks is the gas pressure in neivton/m2. Above 90 km it is advisable to 
include first order correction terms for the effects of electron collisions with 
ions and electron collisions with atomic oxygen. The electron-ion collision 
frequency (Phelps, 1972) is given by 

where Ne and T, are the electron density ( ~ r n - ~ )  aad temperature (‘I() respectively. 
To obtain the electron-atomic oxygen collision frequsocy veo , we use a theoretical 
expression given by Banke (1966) for the average momentum transfer cross  section 
Deo , i.e., 

For veO we then have 

where [ 01 is the density (cm-3) of atomic oxygen. 

The total collision frequency v = up + vci + ye,, and ita components m listed 
in appendix A-2. 

For the purpose of computing radio wave absorption, we use in the conducthrity 
integrale the value of collision frequency given by v = up + vei + veo. Strictly 
speaking this is incorrect since it ignores t b  different energy dependem of the 
three components of v .  However, in our cam the radio waves are dl reflected 
from altitudes below 105 km, where vei  are small correction terms. 
Hence the neglect of their different energy dependence should not lead to any 
significant e r ro r  in our calculated vrrlues of absorption. 

and veo 

4. SOLAR RADIATIONS 

A considerable vdume of literature has been written concerning the solar 
radiations that are effective ionization sources for the D- and lower E-regions of 
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the ionosphere; see for example the reviews of Ohshio et a1 (1966), Ivanov- 
Khoiodnyi and Nikol'skii (i969), Swider (1969), Aikin (1972). For the altitude 
region of concern in the present work, i.e. from 60-110 km, the major ionizing 
radiations a re  

(a) the hydrogen Lyman-a line (3215.7A). 
(b) the hydrogen Lyman-P line (1025.7A) together with the nearby continuum 

in the 1025-990A interval, 
(c) the carbon III line at 977A and 
(d) soft X-rays in tho wavelength interval 1~0-1A.  

The intensity of a particular radiation can be expected to vary considerably with 
solar activity. This is particularly true for wavelengths le88 than 10A. In 
appendix A-3 we give a orief survey of the present state of knowledge concerning 
these solar fluxes. Based on that survey the flux values wed inthe present work 
a re  listed in table I for the co6itions of an undisturbed sun at solar cycle 
maximum. 

In Fig. 1 the energy flux values for the range 100-1A are normalized to unit 
energy interval of lev ( 0  F,/ hU in table I) a d  plotted versus energy. For the 
energy range corresponding to 100-30A (i.e. 124 5 U 5 413 ev) our tabulated 
fluxes are  Sased primarily on the most recent values given by Manson (1972) 
which have R claimed accuracy of &25%. Below 10A (i.e. U > 1240 ev) our tabu- 
lated flux values are  obtained by fitting satellite measurements of the 1-8A 
energy flux to a bremsstrahlung type spectrum for a corona.1 temperature of 
3.5 x l o 6  degrees K. (This is discussed in appendix A-3.) For the range 30-10A 
(413 I U 5 1240 ev) our tabulated f l u e 8  a re  given by the arbitrary straight 
1ir.e of Fig. 1 which connects Manson's values above 30A with the bremstrahlung- 
type spectrum values below 10A. Fortunately our choice of flux values in the 
30-10A range does not strongly affect our calculated value of the ion production 
function, as we shall see in the following section. 
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Figuro 1. Solar enorgy flux per unit onergy versus photon enorgy. 
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5. ION PRODUCTION FUNCTION 

The total ion-production function Q(Z, v )  at an altitude z and solar zenith 
angle x is the sum of many separate production functions, each for a particular 
wavelength o r  wavelength band, i.e. 

where we define 

FA ( 2 ,  x ) :  value of the attenuated solar flux at wavelength A 

Nj (2): number density of the j constituent of the atmosphere. 

: cross section at wavelength A for photon absorption by a 
molecule of species j. a A  I 

: photoionization yield, i.e. the number of electron-ion pairs 
formed when one photon of wavelength A is absorbed by a 
molecule of species j. 

y A  1 

5.1 Absorption Cross Secti d bnization Yields 

The subject of photoc absorptivn crcas  sections and ioiization yields in the 
wavelength range 100-1A has h e n  elucidated in the previously mentioned review 
by Swidor (19- 3)*. Based on the forrnujas quoted in that review together with 
additional tabdatione given by Ohshio et (1966), the values useu in th6 present 
work are listed in Tjble II for the atmxq.karic constituentp 0, 0,, N, and NO. 

Recent work by Henke and Elgin (1970) hor rubrtontiatrd the formulas quoted by Swider (1969) 
which data back to ,he year 1F33. 
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TABLE 11 
Absorption Cross Sections and Ionization Yields 

-PI__ -- 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
10-15 
15-20 
20-23 
23-31 
31-10.1 
977 
990-1025 
102 5. ' f  
1215.7 
1215.7 

8.433-23 1.763-22 1.033-22 
6.403-22 1.313-21 7.47E-22 
2.203-21 4.293-21 2.463-21 
5.323-21 9.933'21 5 .73E121 
1.00E-20 1.90E-20 1.10E-20 
1.673'20 3.203'20 1.8ig-20 
2.65320 4.943'20 2.763'20 

5.403'20 1.013'19 5.703'20 
6.903-20 1.343'19 8.05E-20 
1.18E' 19 2.70E-19 1.503'19 
2.683'19 7.00E-19 3.603-19 
3.503'19 7.OOE-! 9 3.60E-19 
4.503'20 9.003'20 1.00E -18 
see footnote* 
0 ? .98E-18 8.20E-20 
0 1.753-18 7.40E-23 
0 1.52E-18 1.00E-21 
0 9.003-21 6.006-23 

3.803'20 7.223'20 4.273'20 

o(N0) = 2.4OL-18 

340 
1.58 
99.2 
69.7 
52.5 
41.1 
33.3 
27.4 
25.0 
19.2 
16.7 
13.5 
11.8 
10.1 

0 
0 
0 
0 

34 0 
158 
99.2 
69.7 
52.5 
41.1 
33.3 
27.4 
23.0 
19.2 
16.7 
13.5 
11.8 
13.2 

0.62 
n.419 
0 58 
0 

y (NC'! = 0.81 

3 84 
179 
112 
78.9 
59.4 
46.6 
37.7 
3'.0 
26.U 
21.8 
18.9 
15.2 
13.3 
11.4 

0 
3 
0 
0 

* 
For the important wavelength i,iterval 103-31A we toke: 

v(0,) 2~(0) = 2.27 x ;\,?.5 cm? 
a ( N 2 )  = 1.33 c m 2  
Y(0; =-Y'(O) ~ 1 . 0 2  t273 x-' 
Y ( N 2 )  =1.15 t 306 A-' 
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5.2 Number of Molecules Along Line of Sight 

In order to calculate the ion production function at an altitude z for a given 
s d a r  zenith angle y, we need to know how the phot-n flux at a particular wave- 
length X is attenuated along its path from the sun to the altitude z. This we can 
write as 

where Fh(m) is the photon flux at the wavelength X iwident on the top of the 
atmosphere (table I), and dL ie an element of the line of sight from altitude z 
to the sun. Assuming that our atmospheric model of section 2 is spherically 
symmetric, the calculation of !Yz, y), the n u m b r  of molecules along the line 
of sight to thf sun, defined by 

is a straight-farward exercise in plane geometry, the details of which are given 
in appendix A-4. In that same appendix we also tabulate for several solar zenith 
mglee the S l z , ~ )  vtalues f9r the three atmospheric constituents N,, 0, and 0. 

We have now covered all the material necessary to enable us to compute the 
major s o m p e n t s  of the ion production function for the lower ionosphere. Before 
we discuss the results of sucb cdcuhtions however, WP s'lall consider briefly 
some additional sources of ionizatioii that are included in our calculation of the 
total Q-function. 
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5.3 Additional Ionization Sources 

In addition to the q h  components computed from the flux values of table I and 
the cross  section data of table II our total Q-function includes contributions from: 

5.3.1 Scattered Radiation 

As is well known scattered Lyman- a and scattered Lyman-@ are major 
ionization sources for the lower ionosphere during nignttime. What ntay not be 
obvious is that these sources a re  not comp!stely negligible during daytime, 
especially at high solar zenith angles near twilight. To calculate the q due to 
scattered Lyman alpha and scaP.ered Ljman beta we assume as a first approxi- 
mation that these Bources are isotropically distributed over the upper hemisphere 
of the sky. The calculation of the q S C P t ( z )  for scattered radiation is then only 
alightly more complicated thsn t h  calculation of q ( y ,  z) for direct radiation, in 
that q scat  (z) involves an additional integration over a local zenith mgle 9 ,  i.e. 

n/ 2 

9 t c a t ( z )  = I, q(9, zj s i n d d e  

For the intensity of deytime scattered Lyman alpha we use the twilight value of 
15 kilorsyleigh (Meier and Mange, 1970). The scattered flux incident upon the 
top of the atmosphere is then approximately 2% of the valiie for direct solar 
Lyman alpha flux. Assuming this same ratio Qf scaiterad to direct flux, we take 
the intensity of the daytime scattered Lyman beta to be 150 rayleigh. 

5.3.2 Metastable 0; ( 'Ag) 

To account for the ionizaticn of the metastable oxygen state0: (fa, ! by 
solar radiation near 1108A, we have used t i i  formula given by Paulsen et al 
(1971). 

q*(z, y )  = m'(z) (0.549 x lo-' e x p ( - 2 . 4 0 6 ~  10-loS, (2,  W) 
2 

t 2,614 x ?.O-' exp(- 8.508 x 10-20So (2,  u;: 
2 

where NW(z) is the 0: ('A ) number density and So 
molecules along the line of sight. This formula takas account of the attonnation 
of the 1108A flux by the minor constituent carbon dioxide. The authorn of this 
formula estimate that there i s  an uncertainty of a factor of two on q* due to 
uncertainties both in the 1108A flux and in the cross  sectlone that are involved. 
The 0: profile given by Huffman et al (1971) is listed in appelldix A-1, table A-Z-2 
Although this 0; profile i s  based on measurements near 70' solar zenith mgle, 
no significant increase in this profile is  expected at lower solar zonith angles, 
on theoretical grounds. 

i s  tho number of O2 
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5.J.3 Energetic Psrticles 

R ? m s w e  that near the magnetic equator precipitated energetic electrons 
can be .leglected as an ionization source for the D- aad lower E- region. How- 
ever we lo include in our total Q - W t i o n  a contribution to galactic cosmic rays. 
To make this calculation we us8 an empirical f@rmula (Mitra, 1968) which for 
magnetic latitudes less t C z  SOo, f i t s  the cosmic ray ionization rates measured 
by Van Allen (1952). 

where M) is the total molecular number dsnsity, L, is magnetic latitude anii F 
is the 10.7 cm solar €lux in units of 10-22W m-2 Hz-' . 

5.4 Q-Function Re& 

At a particuiar altitude the relative contribution to the total Q function made 
by a comjmnent qi is a function of solar zenith angle. This is illustrated in 
Fig. 2 and Fig. 3 which s h w  the q component8 for solar zenith angles of 10' and 
60' respectively. Numerical values of o w  results together with a calculated 
r.m.8. e r r o r  on Q(z) are tabulated for four soiar zenith angles in appendix A-5. 
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80[ 7n 4 s = 10" 

10-2 10-1 1 00 10' 102 1 3 3  
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Figure 2. Calculated Q-function and components for x = 100. 
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= 60" 
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10-1 1 Qo 10' 102 103 

I =  60" 

Figure 3. Calculated Q-function and components for x = 609 
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6. REFERENCE ELECTRQY DENSITY PROFILE 

The electron density profile has not yet been determined at equatorial 
latitudes from ground-based methods such aa the partial reflection o r  cross  
modulation experiment. The few profiles that are  available for the eqiiator 
have been obtained from rocket measurements at Thumba, India (Kane 1969, 
1972, Somayajulu et al 1971, Aikin et al 1972). The profile obtained at the 
smallest solar zenith angle for an undisturbed sun (i.e. 14O, Kane 1969) w a s  
adopted as the basis for the 60-82 krii segment of our preeent reference profile. 
The uppermost portion of our reference profile was determined from empiricai 
formulas which give as a function of solar activity and zenith angle the height 
and density at the peak of the E-region. In the altitude region between 82 km and 
the peak of the E-region at 105 km, our reference profile was adj1,sted by trial 
and error until calculated values of absorption and virtual height agreed with 
the extensive multi-frequency absorption and virtual height mewurements made 
at Colombo, Ceylon by Gnanalingam (1972). Details of the procedure for con- 
structing our reference profile are given in appendix A-6. The final prafile tc 
emerge from that procedure is shown as the solid curve in Fig. 4. Also shown as 
the dashed curve in Fig. 4 is an alternate reference profile allowed by the confi- 
dence limits on the ground-based measurements. We shall have occasion to refer 
again to this alternate profile later in section 9. 

I 1 1 1 1 1 1 1 1  I I I I I I l l (  I I I I I l l l !  I I I I 1 1 1 1  

i 

Figure 4. Reference electron density profiles for x= 10'. Solid curve N.(ref) 
is deduced from mean values of multifrequency L, h'mearurementr (table I l l ) ,  
while dashed curve N;(ref) i s  theprofile allowed by the upper limit of error on 
the L,h' measurements. 
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between ae and Ed in the region below 85 km is to be expected on the basis 
that our ce f f contains a negative ion contribution, i.e. 

where Ei is the ion-ion recombination coefficient and X = N-/Ne is the ratio 
of negative ion density to electron density. However since definitive values of 
h i  and A(z) are  no: available, no inference concerning our Q-function o r  the 
controlling nitric oxide profile can be drawn from our large values of a, 
low 80 km. In the altitude region above 90 km the shape of our ueff profile sug- 
gests that here our Q-function is deficient. Either there exists an additional 
ionization source which we have not taken into account, or we have underesti- 
rnsted one or  more of the soler flux components. We shall return to these pos- 
sibilities later in sectinn 11. 

be- 

8. ELECTRON DENSITY VERSUS SOLAR ZENITH ANGLE 

To obtain the electron density profile as a functioi 
we numerically solve the following equation: 

of solar zenith angle X ,  

2, x ) )  

where 

For y I 75' we find that the dN/dt term i s  completely negligibie, and that the 
electron density profil. at zenith angle 
according to the expression 

is generated from our reference profile 

From this re la t ionAp it can be seen that the zenith angle dependence of the Ne 
profile will not be overly sensitive to the absolute values of the solar fluxes 
since what we are primarily concerned with here are ratios of Q. Calculated Ne 
profiles for x = 40", 60' md 75' are  plotted and diRcussed in appendix A-7. 

Implicit in our construction of the N e ( z , y )  profiles is  the approximation 
the ratio \ 
angle). For the altitudes above 85 km where most of the absorption takes place, 

N-/N, is time independent (i.e. not a function of solar zenith 
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afid for solar zenith angles y L 75', this approximation concerning negative ioUs 
should be quite adequate for purposes of calculating radio wwe ahsorption. 

9. RADIO WAVE ABSORPTION: CALCULATED VERSUS MEASURED 

Having derived the solar zenith angle dependence of Ne by the method described 
in section 8, we should now be able to predict the diurnal variation in the absorp- 
tion and the virtual height of reflection of a radio wave vertically incident on the 
lower ionosphere. In calculating these quantities by means of the generalized 
magnetoionic ray theory, the electron density and collision frequency profiles 
were logarithmically interpolated for altitude laminations of 100 meters. How- 
ever since the complex refractive index changes very rapidly in the region im- 
mediately below the height of reflection h,, the last one kilometer of the calculation 
was done for laminations of 10 meter thickness. The height of reflection hc is 
defined for the ordinary mode as the altitude at which the plasma frequency equals 
the frequency of the exploring radio wave. To the absorption calculated by ray 
theory, we add the so called phase integral correction which, near the magnetic 
equator is relatively small (Thorpe 1971). A t  our exploring frequencies this 
combination gives a good approximation to a full wave solution. We estimate 
that the accuracy on our calculation of absorption is better than f 1.0 db. 

To calculate the virtual height we note that, for an ordinary wave pllopagating 
vert; Jly near the magnetic equator, the phase refractive index n and the group 
refractive index n' are related, to a good approximation, by the expression 
m' = 1. Hence, from rav theory, the virtual height is given by the integral: 

To this value of virtual height a phase integral correction should be added to 
give a result closely equivalent to a full wave treatment. Instead however, for 
ease of computation, we make use of an alternative procedure (Titheridge, 1967) 
where n(z) in the above integral for h' i s  evaluated with the collision frequency 
set equal to zero. We estimate that this procedure yields a virtual height which 
is accurate to better than f 0.5 km. 

The measured dlurnal variation of absorption and virtual height (Gnanalingam, 
1972) is given in table IV for the exploring frequencies 2.0 and 2.2 MHz. These 
results were compiled from measurements on 15 selected days in the equinoctial 
months of 1968, 1969 and 1970 when the solar conditions met our cri teria for an 
undisturbed sun at solar cycle maximum, (see section 4, table I). 
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TABLE IV 
Xeasured Absorption and Virtual Height 

Local Time 
(hours) 

12:25 
13:25 
14:25 
15:25 
16:25 
17:25 

12:35 
13:35 
14:35 
15:35 
16:35 
17:35 

Frequency 
( M W  

X 
(deg) 

7.6 
20.3 
34.7 
4.9.4 
64.3 
78.9 

10.1 
22.7 
37.2 
51.9 
66.8 
51.4 

2.2 

2.0 

-- 
L 

!db) 
~ 

51.8 
49.6 
47.5 
39.0 
29.2 
20.1 

56.4 
54.2 
51.1 
42.4 
31.6 
21.3 

1.5 
1.6 
1.5 
2.3 
2.3 
3.8 

1.2 
1.7 
1.7 
2.3 
2.7 
3.8 

102.0 
102.2 
104.5 
107.3 
110.3 
114.0 

101.0 
101.1 
103.5 
106.1 
109.1 
113.5 

1.1 
1.2 
1.5 
1.1 
0.9 
4.6 

0.8 
1.3 
1.3 
1.4 
1.2 
3.9 

95% confidence l imit  

In Fig. 6 and Fig. 7 the calculated values of absorption and virtual height 
(shown as circles) are compared with the measured values of Table W .  A strik- 
ing disagreement between calculation and measurement is immediately obvious. 
In particular, the calculated virtual height does not increase fast enough ~EI  x 
increases from 10' to 60'. For x greater than 60°, the ht increases too steeply 
in a manner suggestive of group retardation. In the case of absorption, the 
variation with solar zenith angle seems to agree with measurement up to x = 60'. 
However, this must be considered fortuitous because the same Ne profiles do 
not yield the observed h' - x dependence. A t  x values greater than 60°, the 
peculiar variation of absorption is a direct consequence of tho too rapid increase 
in the h' value. A consideration of these discrepancies indicates that at altitudes 
above 95 km our Ne values do not decrease fast enough with solar zenith angle. 

In the above analysis with Ne (z, X )  profiles have been gensrated from what 
should be regarded as the most probable Ne (ref) profile, because it is this 
profile which is most consistent with the mean values of the multi-frequency L, 
ht measurements made at x = 10". It is clear however that we could have con- 
structed other Ne (ref) profiles which are consistent with the confidence limits 
of the measurements. We therefore consider the possibility that by starting 
from a different Ne (ref) profile we can generate a set of Ne (2, X )  values which 
yield bettex agreement with the measured diurnal variations. However, by trial 
and error ,  the best w19 could do along these lines is shown by the cros8es of Fig. 6. 
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Figure 4. 2.0 MHz absorption and virtual height: calculated versus measured. 
Meusured values are given with error bars 

22 



115 
h' 

2.2 MHz 

10 20 30 40 CO 60 70 80 
x (Degrees) 

Figure 7. 2.2 MHz absorption and virtual height: calculated versus measurea. 
Measured values are given with error bars. 
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The corresponding elect, XI density profile is that labelled N'(ref) in Fig. 4. 
previously referred to in section 6. In Fig. 6 it will be noted that even with the 
most favorable reference profile N'(ref) we can get marginal agreement between 
calculated aud measured L, h' only out to k = 40' on the basis of our present 
knowledge of the Q-functions. The apparent agreement in h' at x = 70' 2, 75" 
is fortuitous, being merely the intersection of twg dissimilar variations, one 
calculated and the other measured. 

For the sake of completeness, however, it i8 of interest to find a set of 
electron density profiles which do yield ag..eement with the L, h'(x) measurements. 
This we do in the following section, even though we are unable to generate such 
profilea from our present understanding o : the Q-functions. The calculated values 
of L, h'(;) ~ w x l i ~ i * g  fTL;z i  these ad-hoc profiles are shown as the triangulw 
points i n  Yig. G :-+ '. 

10. Ne (2, X) MC? ' OR THE L'J'WER EQVATOHIAL IONOS'3HERE 
A T  EQUINOX 

We have already drawn zxtention to the fmt that our present cpproach, based 
on our knowledge of the Q-fmctions, is only marginally adequate to generate .U, 
profiles that are consistent with the measured diurnal variations up to x = 40'. 
A t  this zenith angle the highest altitude which enters into our analysis is the k u e  
height of reflection on 2.2 MHz !i.e. 98.2 km). It would therefore seem that the 
Ne profiles need to be modified only at altitudes above 98.2 km. However, to 
get better agreement with the measurements we find that the modification should 
begin at about 95 km. Tt is intcfesting to note that this i s  the lave1 at which the 
slope of the aef profile begins todepart noticeably from the slope of the 7id 
profile (Fig. 5). In modifying the profiles abwe 95 km we are constrained by 
the well-established relbcionships concerning the zenith angle dependeace of foE 
m d  h,E (see Appendix A-G). The final profiles to smerge from these modlfica- 
tions are tabulated in appeiidix A-8 and p!Ated in Fig. 8. 

A,: interesting feature predic .ed by oui' equatorial Ne ( X )  model is the sela- 
tively small x dependence of electiou density in the 85-90 km altituds interval. 
A test of this prediction, which coulcc c,e a fairly simple grrlmd-baaed experiment, 
would be very helpful at this stage. Also shown in Fig. P, by tho dashed curves 
are the inadequate Ne profiles generated by the Q-fuutions. Significant dil- 
ferences between the two set6 of profiles are immediately evident. The question 
naturally arises whether these differences could tell us somatUng about the 
Ehortcomings in our thoory uf ion-production and loss. 
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11. DISCUSSION AND CONCLUSIOIS 

In attenpting to answer the above question we note that aef (Fig. 5) is sub- 
stantially less than Ed at all altitudes above 90 km. This would seem to indicate 
that there .s a component mis&iag from our Q-function. Given the correct set 
of N_ profiles (Fig. 8) and assuming aeff I Ed above 90 km, we could deduce 
such-a missing component. However, when we do this we find that the missing 
Q component decreases with solar zenith angle much faster than the decrease 
associated with a photon source. This m a t  mean either that ionization sources 
other tban solar phctons and/or that loss processes other than simple recombi- 
nation are operative at the 100 km level in the equatorial ionosphere. 

Clearly the problem deserves consideration beyond what has  h e n  alxempted 
in the prescnt papcr. Until it is resolved, our understanding of the basic processes 
of the lower ionosphere will continue to be in doubt. 

26 



APPENDIX A-1  

Atmospheric Model 

The time independent atmospheric model which is used throughout the present 
work is based on the lower altitude data of Graves (1971) for LOO l~ti tuds at 
equinox, and extrapolated to 160 lan by means of the Jacchia (1971) model for an 
exosphelic temperature of 1100 degreas Kelvin. In column 2 of table A-1-1, M 
is the gram molecular weight taken from Jacchia. The tzmpeiaturee, pressures 
and mass densities from Groves are given in columns 3 , 4  and 5. The number 
density ND is computed from the relation ND = (MD X lV3) X (6.023323) x M, 
and is listed in column 6. (6.023323 is Avogadro's number). Below 90 km the 
molecular nitrogen density in column 7 is given by N, = 0.7811 X ND, while the 
molecular oxygen density in column 8 is given by 0, * 0.20955 X ND. At the 
altitudes 90 and 95 lan the percentage of N, and 0, is given in the footnote at the 
bottom of the table. For the altitlide region of 100 to 160 km the N,, 0, and 0 
densities are taken from the Jacchia tables but enchanced by a factor of 1.1727, 
The factor of 1.1727 is necessary to normalize the Jacchia densities to tbe data 
of Groves in the overlapping aititude range of 95 to 110 km. 

In table A-1-2 we give the logarithmically interpolated values of our 
atmospheric model for the altitude region between 60 and 110 km. Included in 
table A-1-2 are models of two minor constituents, nitric oxide and metastable 
oxygen 0; (*@g). The nitric oxide model is taken from the measurements of 
Meira. (1970), while the Of salues are those given by Huffman et al (1971). 
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TABLE A-1-L 

55 
60 
65 
70 
75 
80 
85 
90* 
95- 

100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 

M 
gram) 

28-96 
28.96 

28.96 
2S.96 
28.96 
28.96 
28.96 
28.96 
2 8 ' s  
28.96 
28.96 
28.95 
2L.83 
28.23 

28.96 

- 
T 

:de@ 

22 1 
233 
249 
262 
2 75 
274 
265 
246 
227 
210 
200 
199 
200 
197 
193 
201 
229 
278 

- 

P 
( m W  

119(1) 

162tO) 
883(-1) 

121(-1) 

250(1) 

588(0) 
306(0) 

473(-1) 
247(-1) 

568(-2) 
250(-2) 
1O9( -2) 
471(-3) 
206(-3) 
880(-4) 
386( -4) 
la ( -4 )  
980(-5) 

394(-4) 
178:-4) 
823( -5) 
406(-5) 
208(-5) 
112(-5) 
622(-6) 
350(-6) 
186( -6) 
M(-7) 
435(--7) 

S1(-8) 
3b~(-a) 

190(-7) 

157( - 8) 

ND 
(Cbm 

)19(15) 
170(15) 
~71415) 
W 1 4 )  
L33(14) 
!33( 14) 
129( 14) 
128( 93) 
187(13) 
L96( 13) 
M5(12) 

171(l2) 

135(11) 

195( 12) 

1i30(11) 

640(15) 
2 89( 15) 
134(15) 
660( 14) 
338(14) 
1 82( 14) 
lOl(14) 
569(13) 

153( 13) 
707( 12) 
309( 12) 
133(12) 
597111) 
258(11) 
105( 11) 
433(10) 

3 e q i q  

188( 10) 
879(9) 
449(9) 
250m 
1 5 M  

657(a) 
4 w 8 )  
3 3 w  

1 W 8 )  

970(8) 

2 54( 8) 

172(15) 
7 76( 14) 
359( 14) 
177(14) 
907(13) 
4WlS) 
271(13) 
153( 13) 
8ililZj 
411(12) 
1fw2) 
fw11) 
358(11) 
157(11) 
606( 10) 
21'7j10) 

315(9) 
W3(9) 

1 w 9 )  
ws) 
193(8) 
119m 
771m 
524m 
36967) 
2 w 7 )  
199(7) 

338( 8) 

*ot z =90km N, =O.f848 x ND; 0, =0.2059 x ND 
at z = 95 km N, = 0.7694 x N D  0, =O. 1809 x ND ** 
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Atm ~ s p h e ~ ~ i c  Model 

6.000EI 
6.10OE1 
6.200E 1 
6.300E 1 
6.400E 1 
6.500E1 
6.600El 
6.700E1 
6.800E 1 
6.900E1 
7.000E 1 
7.100El 
7.200E1 
7.300E1 
7.400E 1 
7.s00E 1 
7.600E1 
7.700E1 
7.800E1 
7.900E1 
8.000E1 
8.100E1 
8.200E1 
8.300E 1 
8.400E1 
8.500E1 
8.600E1 
8.700E1 
8.800El 
8.900E1 
9.000E1 
9.100E1 
9.200E1 
9.300E 1 
9.400El 
9.500E 1 
9.600E1 
9.706E1 
9.800E1 
9.9005 1 
1.000Ei 
1.010E2 
1.020EZ 
i.030E2 
1.04012 
1.050E2 
l.OGOE2 
1.070E2 
1,080E2 
1.090E2 
1.100E2 

7.793E11 
9.101Ell 
1.063E12 
1.241E12 
1.449E12 
1.693312 
1.601 E12 
1.514E12 
1.432E 12 
I .354E12 
1.28lE12 
1.148El2 
1.029E12 
9.228311 
8.273E11 
7.41GE11 
6.662E11 
b.984E11 
5.376E11 
4.828E11 
4.337E 11 

I .:?*,E15 
.34-‘ E 15 

1.3441 > 

9.1: 3E: 
: 106E14 
7.,’75E14 
6.17-F 14 
5.3: .E14 
4.704E 14 
4.1.15E14 
3..jn>E14 
3 .O 11E 14 
2 .&:-‘. 1 

2.21’&14 
1 s96E14 
1.606Ell 
1 .SllE14 
1.153E IC 
9. i 7 L E  13 
d.2YOE13 
7.002E 13 
5.920E 13 
3.006E13 
4.233E13 
3..579E13 
3.034E13 
2.57lE13 
2.179E 13 
1.W7E13 
1.566E 13 
1.295E13 
1.071E13 
8.858E 12 
7.327E 12 
6.060E12 
4.934E12 
4.018312 
3.272E12 
2.664E 12 
2.169E 12 
1.778112 
1.45iE12 
1.195E12 
9.793311 
8.028Ell 
6.659611 
5.523E 11 
4,581Ell 
S.ROOEl1 
3.152E1 I 

i , ] ’  <Fd.> 

5.686El.i 
.5.010ElS 
4 - 4  15E 1 5 
3.891 E 1.5 
3.429E 15 
3.022E15 
2.637E15 
2.302E15 
2.009E15 
1.733El5 
1.530B1.5 
1.3 1 1 E 1.5 
I. 123El.j 
9.626E14 
d.21BE11 
7.067E 11 
5.9XRE 1 1  
5.074E14 
4.299E14 
3.643E14 
3.OYiElS 
2.610E14 
2.BOiEll 
1 ’ &E14 
l..>iRE14 
1.334E 14 
1.136E 14 
9.67 1E 13 
8.233E13 
7.010E13 
5,968E 1s 
5.045E13 
4.265313 
3.606E13 
3.049E 13 
2.5i7E13 
2.151E 13 

1 .SO1 E 13 
1.254E13 
1.047E 13 
8.779E12 
7.358E12 
6.167312 
5.169E 12 
4 333E12 
3.666E12 
3.102ElP 
2.625E12 
2.22 1 E12 

1.. 9 8 ~  13 

so 
(rm 3 )  

2.60OEt3 
2.2riOEH 
2.000ES 
1.730Ed 
1.520E8 
I .SLOE8 
l.liOE8 
1.050ER 
8.800C7 

6.8OOEi 
J.850Ei 
3.10QE7 
4.45OE7 
3.900Ei 
3.3iOE7 
2.930E7 
2.600E 7 
2.2ROEi 
2.030Ei 
1.8OOE 7 
I .640E? 
I.jO@E? 
1.400E7 
1.340E7 
1.350E? 
1.410E7 
1.550E7 
l.HOOE7 
2.250E7 
3.Q30E7 
3.320E7 
3.82037 
4.330E7 
4.900E7 
5.450E7 
6.05OE7 
6.70037 
7.400E7 
8.100Ei 
9.0OOE7 
9.500€ 7 
1.000E8 
1.04OEB 
1.OWE.9 
1.120€tl 
l.lBOE8 
1.180EE 
1.1 IOE8 
1.130E8 

7.  i00E i 

0; 
(cm 3 )  -- 

1.658E10 
1531E10 
1.414ElO 
1.30iE10 
1,207E10 
1.1 l5ElO 
1 .OSJE 10 
9.51119 
8.7’39E9 
8.1; 9E9 
7. 50019 
6.92 8E9 
6.4OSE9 
3.879C4 
5.400&9 
5.144 .j 
l.’WOE9 
4.5WE3 
4.300E .‘ 
4.OJ2E9 
3.800B9 
3.54lE9 
3.300E9 
3.040E9 
2.800E9 
2.565E9 
2.350EP 
2.1 13% 
1.900E9 
1.688E9 
1.500E9 
1.342E9 
1.200E9 
1.028E9 
8.80038 
7.563E8 
6.500E8 
5.586E8 
4.800E8 
4.040E 8 
3.400E8 
2.91538 
2.5UOEX 
2.179E8 
1.90UE8 
1.631E8 
I .4OOEB 
1.183ES 
1.000E8 
9.05537 
8.200Ef 
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APPENDIX A-2 

Electron Collision Frequency Model 

Throughout the present work the electron collision frequency is assumed 
to be independent of solar zenith angle. The total collision frequency LJ = bP + 
ve i  + ueo and its components are listed below. up is the component due to 
electron collisions with O2 ma A, molecules, ve i  is the component due to 
'oulomb collisions, and veo is the component due to eiectron-atomic oxygen 
collisions. 
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TABLE A-2-1 

C olli 8 ion Frequency 

1 60 
' 61 
! 6 2  1: 
i r'6 

65 

/ 67 

69 
70 
71 
77 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

LOO 
101 
102 
103 
104 
105 
106 
107 
I08 
LO9 
110 

I 

1 1 

i 

1 

I 
i 
! 

I 

i 

j 

i 
I 

I 
I 
I 

i 

j 
j 
i 
! 

I 

i 
i 
i 
I 

1.606E7 
1.3921: 
1.207E7 
1.046E7 
9.072E6 
7.865E6 
6.76136 
5.812E6 
4.996E6 
4.29536 
3.692E6 
3.133E6 
2.6r9E6 
2.256E6 
1.91576 
1.625E6 
1.37636 
1.16FE6 
5.97SE5 

7.085ES 
5.950B5 
5.06535 
4.282E5 
3.621ES 
3.06235 
2.595S5 
2.19913'5 
1.864E5 
1.580E5 
1.339E5 
1.130E5 
9.529E4 
8.038E4 
6.78134 
5.720E4 
4.85114 
4.114E4 
3.489E4 
2.959E4 
2.509E4 
2.159E4 
1.85734 
1.59834 
1.37534 
1.183E4 
1.04SE4 
9.235E3 
8.16033 
7.21033 
6.87033 

8 .365~5 

2.060E3 
2.400E3 
2.79633 
3.257E3 
3.794E3 
4.420E3 
4.197E3 
3.984E3 
3.783E3 
3.592E3 
3.410E3 
3.098E3 
2.RllE3 
2.55713'3 
2.323E? 
2.110E3 
1.9JOEQ 
1.765E3 
1.614E3 
1.476E3 ~ 

1.35023 I 

j 
I 

I 
I 
I 
I 

i 

1 
i 

I 
! 

! 
1 

I 
I 

1.469E2 
1.307E2 
2.476E2 
3.215E2 
4.173E2 
5.418E2 
6.71 BE2 
8.329E2 
1.033E3 
1.28033 
1.587E3 
1.698E3 
I.RltiL3 
1 M 2 E 3  
2.07633 
2.221E3 
2.10533 
1.99633 
1.892E3 
1.794E3 
1.700E3 

l.butiE7 
1.392E7 
1.207Ei 
1.04637 
5.072E6 
7.865E6 
b.76136 
5.312E6 
4.99636 
4 295rfi 
3 .69~1.  
3.133E6 
2.659B6 
2.256E6 
1.91 536 
1.62536 
1.37636 
1.166E6 
9.875E5 
8.365E5 
7.08535 
5.990E5 
5.065E5 
4.282E5 
3.62 1 3 5  
3.062E5 
2.59535 
2.19935 
1.864E5 
1.580E5 
1.36185 
1.15535 
9.833E4 
8.S6E4 
7.20334 
6216E4 
5.33834 
4.59534 
3.97034 
3 446E4 
3.009E4 
2.638E4 
2 320E4 

1 .SI 5E4 
1.516E.4 
1.449W 
I .30r.E4 
1.167E4 
1.048E4 
9.42033 

2.348E4 
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APPENDIX A-3  

Solar R ad i ati ons 

HYDROGEN LYMAN- u (1215.7A) AND LYMAN- P(1205.7A) 

Intensity measurements of the solar Lyman- a and Lyman-D emission lines 
made at different levels of solar actitity are reviewed in Tables A-2.1 and A-2.2 
respectively. Also included in the tables are the average 10.7 cm solar flux 
values for the dates of these measurements. 

For the present work we need to kn9w tbe mean intensities of these lines at 
a typical solar cycle maximum when the 10.7 cm f l i  x lies in the range 130-160 x 

Wm-? Hz-* (flux unit). In the case of the Lymzn-a line, there are only a 
few reliable measurements reported for these so'rar maximum conditions. How- 
ever, several measurements are available for the solar minimum period 1964/65 
(Weeks 1967). In order to derive from the latter measurements a rspresentative 
value of the intensity at solar maximum we examine the solar-cycle variation of 
both the Lyman- a and Lyman-P intensities. 

Inspection of the tables will show that, while there is a general increase in 
the intencities of these lines with solar activity, the scatter in the measurements, 
especially of the Lyman- P line, makes it difficult to evaluate the magnitude of 
this increase. A study of the solar-cycle variation of the sum of the intensities 
of several chromospheric emission lines, including Lyman-P, has indicated an 
increase of the E W  flux by a factor of 1.5 for an increase in the 10.7 cm flux 
by a factor 2, from 75 to 150 units (Hall et al 1969). These intensities were 
derived from rocket-borne measurements carried out during the period from 
August 1961 to November 1968. A similar relationship has been noted in the 
measurements mada by a spectrometer aboard the satellite OS0 3 during a 
solar rotational period of 27 days in May 196'1 when the opposite hemispheres 
of the sun exhibited very different levels of solar activity. The intensities of the 
Lyman- a and Lyman-P lines were observed to increase by factors of 1.3 and 
1.4 respectively when the 10.7 crn flux increased from 111 units to 201 units 
(Hal l  and Hinteregger 1970). These factors have an accuracy of approximately 
*0,1. Hwing regard to all the available observations, we estimate the solar- 
cycle factor to be 1.4 for both !hese lines. 

Applying this factor to the average value of the Lyman-a intensity at solar 
cycle minimum, which we estimate to be 3.9 ergs cme2 8ec-l from Table A-2.1 
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(after excluding extreme values), we obtain a figure of 5.4 ergs  c ~ I - ~  sec- '  o r  
3.3 x 10 l1 ph cmm2 sec 
This figure is rather less than the value of 6.1 f 0.45 deduced by Weeks (1967) 
for solar maximum, because his average value is weighted by the meiaurements 
made during the period of unusual sclar activity in 1957/58. 

- 1  for the intensity at a typical solar cycle maximum. 

The mean intensity of the Lyman-@ line may be dedaced directly from 
Table A-2.2 w!.lch contains an adequate number of measurements correspond; ng 
to this ranre of 10,7 cm flux. It is found to  be 3.6 x l o 9  ph cm-2 sec-l or 
7.0 x e rg  cm-2 sec-' . 

THE CONTINU'JM 1025-990 A 

Hinteregger et d (1965) report a value 01 2.7 X l o 9  cm-2 sec-' for the 
photon flu in this wavelength bard at solar minimum conditions. By normalizing 
this value to the adjacent 1025.7A Lyman- ,f3 flux also reported by Hinteregger et a1 
for solar minimum, we obtain 4.2 X lo9 cm-' sec-' for the value of photon flux 
that is used in the present paper. 

THE CARBON I11 LINE AT 977 A 

Published values of the intensity of this solar emission line measured by 
rocket- and satellite-experiments are to be found in Hal l  et a1 (1969) and Hall 
and Hinteregger (1970). For an undisturbed sun at solar cycle maximtrm we 
adopt the value of 4.4 x lo9 ph cm-2 sec-' (9.0 x 
mended by Hinteregger (1970) in his review of the E W  solar spectrum. 

e r g  cm-2 sec-') recom- 

X-RAYS IN THE WAVELENGTH RANGE 100-1A 

For aeronomical ca!culations it is informative to divide this wavelength 
range intc several X-ray baiids which deposit their energy at different altitudes 
in the lower ionosphere, 

100-40A and 30-10A 

These bands ale characterized by the presence of a number of spectral lines 
which have been investigated in some detail because of their importance in the 
study of solar pnysics. The greater part of the ionization produced by these 
bands occurs in the altitude range 95-120 Km, when the solar zenith angle is 
small. 
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The flux in the bt+i 8-20A and 44-60A has been systematically monitored 
for a number of years by ion chambers on board the NRL SOLRAD satellites. 
Of the two bands, both of which produce a peak of ionization around 103 km 
(y = loo),  the 44-60A band is the inore important from the point of view of 
E-region foi-mation. 

The published flux data in this band have generally been derived from the 
ion-chamber currents on the assumption tbat the incident solar radiation may be 
represeqted approximttely by a gray-body distribution at a temperature of 
0.5 x lo6 OK (Kreplir 1961). Since the actual spectrum is marked by several 
lines, the published data are subject to some error. Even more serious is the 
fact that the 44-SOA photometers employed in the SOLRAD satellites respond 
with high efficiency to X-radiatio3 of wave1ei)gth less than 20A (Kreplin and 
Horan 1969: NRL Report 9800, p. 39). Although the contribution to the photometer 
output from this radiation i s  relatively small when the sun is quiet, it is appreciable 
fAt solar maximum and frequently dominates the output during solar flares (Kreplin 
and Gregory 1966). The true values of the flux at solar maximum are probsbly 
much less than the uncorrected published datb, which lie in the range 0.1-0.6 
a r g  c n i 2  sec-' for a non-flaring sun. 

Spectrometric measurements of the line intensities and continuum in this 
band (Manson 1967, 1968: Hinteregger 1970) have yielded integrated flux values 
that are significaxtly less than the SOLRAD data. Typical fluxes are 0.021 and 
0.030 e rg  cm-' sec-' for the 40-50A and 50-60A bands respectively. In the 
present paper we have adopted the measurements given in a recent review by 
Mmson (1972). Any systematic e r r o r  in the calibration of the instruments 
from which these measurements were obtained has been estimated by him to be 
within 125%. 

40-30A 

Solar radiation in this bmd is the principal source of daytime ionization at 
altitudes around 90 km. Since the major part of the noon absorption of radio 
waves of frequency 1.5 - 2.5 MHz occurs at these altitudes, the 30-40A band of the 
solar spectrum is of particular importance in the interpretation of absorption 
measurements. Unfortunately the flux in the band has not yet been eystematically 
monitored by detectors aboard satellites. 

Our present knowledge of this flux i6 mainly based on a few measurements 
made with rocket-gorne instruments, of the intensities of individual spectral 
lines within the band. The most prominent of theee lines is the CVI line at 
33.7A. Published measurements of the intensity of this line are shown in 
Table A-2.3. It will  be noted that there is rin inconsistency in the measurements. 
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For the same level of solar activity, aa indicated by the 10.7 cm flux, the values 
differ by a wide margin, in some instances by nearly PAI order of magnitude. 

The reasons far these ilscrepancias have not been resolved. In a search 
for an explmation mans or^ (1972) has examined the solar conditions that prevailed 
during each of several measurements carried out by the AFCRL group, the NRL 
group and the Culham group (Freeman and Jones 1970). His conclusion is that 
each high value of intensity reported and each remarkably strong image on a 
photographic spectrum which haa been published for this line can be explsined 
by flaring or 'near-Flaring' conditions. This line w.3 only nxrginally detected 
when the solar spectrum w88 sampled under son-flaring conditions on 8 August 
1967 (10-7 cm flux = 143 units): d the background level "88 too high to allow a 
meaningful integrated flux to be reported for the 30-40A band (Maneon 1972). 
We have therefore adopted a value that is slightly hikher than the flux reported 
by Manson for solar minimum. This vdue  is also consistent with the flux in 
ihe neighbouring bands (see Figure 1). 

Wavelengths h S S  thkn 1 0 ~  

X-rays of wavelength less than 10A produce a peak of ionization at an altitude 
of about 35 km (x = 10') when the sun is quiet, and at progressively lower alti- 
tudes as the hardnees of the X-ray spectrum increases with solar activity. 

The flux in several bands in this short wavelength 'tail' of the eolar spec~rum 
has been systematically monitored for several years with instruments on board 
satellites. The 1-10A flux values adopted by us are based on the SOLARD 9 
data. The reduced data are published in the solar Geophyslcal 3ata Bulletine 
BB hourly averages of the flux in the bards 1-8A and 8-20A. They are d e o  
available in the form of minute-by-minute lietinge for these bands ne well &B the 
0.5 - 3.4 band, upon request to the NRL. A noteworthy feature of the meaaure- 
mente is that there is provibior, of the effects of particle interference on the 
ion chambers to be detected and filtered out of the meaeuremente in the data 
reduction process (Kreplin and Horan 1969). 

In applying the data to aeronomical calculation8 it is important to remember 
that the fluxes are derived by using a gray-body spectrum. The aesumed 
temperature is 2 x l o 6  K for the 1-8A detector and 107 K for the 0.5-3A de- 
tector. Horan (1970) has re-evaluated the detector-current to energy-flux con- 
version constants for these detectors on the basis of a bremsstrahlung-type 
emiesion spectrum at different temperatures. The values obtained by him for 
the 1-8A detector are conaistently less than the conversion constant derived 
from a gray-body spectrum at 2 X lo6  K. Bremsstrahlung-type distributions 
at 3.5 X 10' K and 7.0 x l o 6  K give constants that are respectively 18% and a 
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factor of two less than the assumed value. Similarly, the constant for the 0.5-3A 
detector is 3-13% less than the assumed value, for temperatures in the range 
7-20 X lo6 K. Hcran (1970) has also shown how the temperature of the X-ray 
emitting r eg iva ,  assumed to be isothermal, may be deduced from the ratio of 
the fluxes in the 1-8A and 0.5-3A bands. 

In the present work we hava been unable to derive this temperature for an 
undisturbed sun, using the method suggested by HG an, because measurements 
of the 0.5-3A flm are not ~vai lable  for these solar conditions. The flux in this 
band from a non-flaring sun is generally b l o w  the SOLRAD 9 detector threshold 
even at sunspot maximum. We have therefore had to rely on estimates of the 
temperatwe obtained from other experiments (Neupert 1969, Pounds 1970) and 
have adopted a temperature of 3.5 X lo6 K for the undisturbed sun at aolar cycle 
maximum. The flux values have been calculated at 1A intervals by fitting a 
bremsstrahlung-type spectrum at this temperature to the SOLRAD 9 measure- 
ment of 4 x erg  cm-2 sec-l for the average 1-8A energy flux under these 
solar conditions. 

For the moderately disturbed sun to be considered in a later Part II of txs 
work the 1-8A flw lies in the range 2.0-2.5 X lo-’ erg.cm-2 sec-l. Even at 
this level of solar activity the 0.5-3A flux is barely measurable by the SOLRAD 9 
detectors. However, by examining a large number of minute-by-minute listings 
of the fluxes in the 0.5- 3A and 1-8A bands, we have estimated the temperature 
of the X-ray active regions to be 7.0 X lo6 K. 

3 1  
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APPENDIX A-4 

Number of Molecule : Aloag Idne of Sight 

In Tables A 4  we Iist for wv~m I solar zenitb angles the number of 0, O,, 
and N, molecules along the line of sight to the 8un (Le. S(Z,X) of section 5.2). 
To calculate this quantity we assume our model atmosphere bo be spherically 
eymmetric. At an altitude z we construct 50 concentric shells, each of thick- 
mss er = 1 km. From the geometry of Fig. A 4  we have 

Figure A-4. Geometry for calculoting S(z, x) ,  the number of molecules 
dong the line of sight to tho run. 
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R n = % t n  

% = % t Z  

= 6378.0 (radius  of Earth a t  equator) 

where 

ie average denelty in nth shell 

y '  Z t n -  1 
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Table A 4 1  

Alt 

6. 0 0 R 1  
6.10Ft 
6.2081 
6.30RI 
6.46R1 
6. 5011 
6.6QBI 
6.7081 
6.00R1 
6 . 90151 
7 .  QORl 
7.lQRl 
7.2081 
7 . 3 0 R 1  
7.40B1 
7.50R? 
7.6ORI 
7.7081 
7 . 0 0 1 1  
7 e 9081 
0. COR1 
0.1081 
8.20R1 
0.3081 
0.tt681 
0.5081 
0,6081 
0.7061 
0.86B1 
0.90151 
9.00K1 
9.1081 
9.26Ri 
9.30Ki 
9.40Ri 
9 .50B1  
9.6015: 
9.70R1 
9.0681 
9.90B1 
1 00B2 
1.0152 
1.0212 
1 . 0312 
1.04R2 
1. Q5R2 
1.6682 
1 . 67B2 
1.00R2 
1. O9R2 
l.lOR2 

2.1R)rlR 
2.22RiA 
2.26R1R 
2.30KIR 
2.33118 
2.35F11) 
2.3RR10 
2.4QR10 
2.42151R 
2.44R18 
2.461518 
2.4RRlA 
2.431518 
2. 51RlR 
2.52R10 
2.53118 
2.5411R 
2.55R10 
2. S6E10 
2.57ElA 
2. S R R I R  
2.59R10 

2.66R10 
2.61810 
2.61810 
2 62818 
2.621511) 
2.6381R 
2 6lR10 
2.60110 
2.5281R 
2.42u10 
2.31EIR 
2.10R10 
2.02R10 
f .06Rl0 
1.7015IR 
1.56F10 
1.42RI? 
1. 23RlR 
1.17R10 
1.06L718 
9.6 M i 7  
8.76Ri7 
7.99Rl7 
7.36R17 
6.6RR17 
6.1 381 7 
5.63Ri7 
5.1tl117 

2. s91tin 

-- 

x f IO0 

1.13R21 
?. 08R20 
8.GOE20 
7.471r20 
6 . 0  7R2 0 
5.591r2O 
9 . 0 2 R 2 6  
4.15r20 
3.5bR20 
3.O5E20 
2.60R?O 
-2.21820 
1.08R2 0 
1.601526 
1.36E20 
1.1 SR2 0 
9.76819 
0.191519 
6.91E19 
5.03819 
4.92R19 
4.141r19 
3. 40Pl 9 
2.93R19 
2.96 R i  9 
2.06R19 
1,731519 
1.h4R19 
1.201519 
9.98R10 
0 . 2 5 R 1 8  
6.00R10 
5.60R18 
4. 6 1 R1O 
3.70PiR 
3.1 1R18 
2.55P18 
2.69R10 
1.721510 
1.42R10 
1. 1 0151 0 
9.70R17 
0 .14R17  
6.86E17 
5.70Ri 7 
4.00117 
4.OSR17 
3.44R17 
2 . 9 3 R 1 7  
2.50317 
2.15R17 

4.23R21 
3.69F21 
3.21FT21 
2.79R21 
2.42P21 
2.O9R71 
I. AQR21 
1. S5R21 
1.33121 
1. 14F21 
9.75R20 
8.31P20 
7.07R20 
6.011520 
5.11R20 
4. 33R20 
3.67R20 
3.1OR20 
2. fi3P2 3 
2.23R20 
1.88mO 
1.60152 0 
1.3SR20 
1.14820 
9,70119 
0.22119 
6.97119 
5.981519 
4.99R19 
4.221519 
3. 56R19 
3.00R19 
2. W E 1 9  
2.13R19 
1.79R19 
1.51R19 
1.27Ri9 

9.61RlR 
7.62RlR 
6.4SE10 
5.4RR10 
4, G B R l R  

3 . 4 l R I R  
1 . O 3 R 1 0  
2.52KlR 
2.1AR1R 
1.4OR10 
I. 65Es R 
1.55Rl8 

i. 0 7 ~ 1 9  

3 . 9 t w i n  
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so 
2.79RiP 
2.85P18 
2.90F18 
2.94FlR 
2.98RiR 
3.03RlR 
3. i: El8 
3.08RlA 
3.11R18 
3.13RIA 
3.16F10 
3.1RR18 
3 . 2 0 E 1 0  
3.2111R 
3.23818 
3.2.511 A 
3.26R1P 
3.27E10 
3.29E10 
3 .3OR10  
3.  3iRlR 
3.32R10 
3.3 351 8 
3.34118 
3.35151 0 
3.35R18 
3 . 3 6 R 1 0  
3 . 3 7 E 1 0  
3.3RR10 
3.3RE10 
3.34110 
3.23RlR 
3.11r10 
2.97%18 
2.863110 
2.GQKIA 
2.39R11) 
2.19810 
2. OOle10  
1 .f2R10 
1.65151R 
1. SOP10 
1 .36R18  
1.24R10 
1.13RlP. 
1.03Ri8 
9 . 3 7 m 7  
R. 50Ci7 
7.87d17 
7.28FT17 
6.66E17 -- 

x = Moo 

1.4ER2i 
1 27r21 
1.10R21 
9.59R20 
8.31R20 
7.10E20 
6.19R20 
5.3 3 F 2 0  
4 .50R26  
3.92R20 
3.34E20 
2.85R20 
2.42R20 
2.05R20 
1.79R20 
1.471510 
1 .?SET20 
1 .t)5K2O 
0,801119 
7 .  b91519 
6.32819 
5.3 2 R i 3  
4.401519 
3.76819 
3.16Ri9 
2.65819 
2.22R19 
1.05R19 
1.5SR19 
1.20R19 
1. 36K19 
0.7NR18 
7. 1 9818 
5.92R10 
4. 0 6 ~ 1 ~  
3.991518 
3.271110 
2 .t981% 
2.22R10 

1.51810 
1.261510 
i .0s1110 
0.73E17 
7.32R17 

5.21R17 
4. SlR17 
3.76R17 
3.21817 
2 76817 

1 . a w i ~  

6.16817 

5.11 4C2 1 
4.74P21 
4.12m1 
3.581521 
3.10R11 
2.68R21 
2.32R21 
1.99121 
1.71R21 
1.47R21 
1.25R21 
1.07B2 1 
9.09P20 
7.73820 
6.56R20 
5.56m0 
4.71820 
3.9 9t2 0 
3.38E20 
2.06R26 
2.92K26 
2.0SR20 
1.74R20 
1.U7820 
1.2515Z0 
1.06R20 
0.9SE19 
7. 5 0 m  9 
6.41E19 
5. b2E19 
4. 5781 9 
3.06k19 
3.25E19 
2.7N819 
2.30R19 
1.94B19 
1.63819 
1.37E19 
1.18E19 
9.7911 0 
0.23810 
7.6NCl8 
5.99A10 
S.llB10 
b.30810 
3.76111 0 
3.24R10 
2.80810 
2.43810 
2.12110 
1. 0 6 m 0  



6 . 0 0 8 1  F 6 . 2 0 8 1  f .  1081 

6 . 3 0 8 1  

6 .5011  
6 .6011  
6 .7081  
6 . 0 0 8 1  
6 . 9 0 1 1  
7 . 0081 
7.1081 
7 .2081  

6 . 4 0 8 1  

7 30B1 
7 .9081  
7.  5081 

7 . 70E1 
7.80B1 
7.9081 
0 0 0081 
0.10B1 
0.2081 
0 .3081  
00SOBl 

7 . 6 0 8 1  

0. 5081 
0 .6011  
0.7011 
0. e a t 1  
0 . 9081 
9.0081 
9. 1out 
3 . 2 0 8 1  
9 30E1 
9.4081 
9.5081 
9.60R1 
9.7QE1 
9. 0081 
9.9081 
1. 00B2 
1 0182 
1 0282 
1 s 0812 
1 . 0082 
1 0  US82 
1. 06B2 
1 . 0 ? 1 2  
1.00R2 
1 , 09E2 
1.1OR2 

Table A 4 3  

---T 
s, 

4.22R10 

4.30810 
4.4 5R10 
4.51R10 

4.62R18 
4 .66810  

4 . 3 1 8 1 ~  

9.57810 

9.71810 
C.75810 
4.70810 
4.02R10 
4 .05810  
4.90R10 
4.90R10 
4.9 3810 

4. 97810 
4 . 9 5 m n  

4 99Ri0 
5 .01Bi0  
5.03810 
5.05R10 
5.06E10 
5.00B10 
5. 1 OK10 
5.11R10 
5 . 12810 
5. 1SB10 
S.15810 
S a  16E10 
S.09B10 
4 .93818  
9.75E10 
4.53110 

3.96818 
9.27S10 

3.69818 
3.39R10 
3,05810 
2 .78Ri0  
2.52E10 
2.29R10 
1.00B10 
1.09R18 
1. 72810 
1.57810 
1 .43818  
1 .3 iE$0  
1.20R10 
1,10810 
1.02R10 

x = 6oo 

% 
2 . 2 3 1 2 1  
1 .95821  
1. 6962 1 
1.47R21 
1. 2 7E2 1 
1.10R21 
9.47R2 0 
0o15E20 
7 .00620  

-5 .99820  
5.11820 
4.3562 0 
3 .70820  
3 .14820  
2.66E20 
2 . -SF20 
1 .  90820 
1 . 6  182 0 
1 .36820  
1.15R20 
9.66E19 
0. 1 3E19 
6 .04619  
5.76819 
4.03Bi9 
4.05U19 
3.40819 
2 .09819  
2 36R19 
1.96B19 
18 62819 
1.34B19 
1 1 Qlgi 9 
9.05810 
7 .49810 
6 .10810  
5 .  01B10 
4.11T10 
3.39R10 
2.00B10 
2 .3 tE10  
1. 92,810 
1. GOB10 
1 .33810  
1 .12610  
9.42R17 
7 96R17 
6 ,75017  
5.73817 
4 . 9  1817 
4.22E17 

I 

I so 
0.31U2 1 
7 . 2  4r2  1 
6.30E21 
5.4882 1 
4 . 7 5 8 2 1  
4 .10821  
3. WE2 1 
3.05-1 
2.62E21 
2.24II21 
1.9112L 
1 . 6  382 1 
1.39821 
1.10R21 
1 . 0 0 1 2 1  
0.50E20 
7 . 2 0 8 2 0  
6 . 1 0 8 2 0  
5.3 6 82 0 
4. WE2 0 
3.70R2 0 

2 . 6 5 1 2 0  
2 . 2 5 8 2 0  
1 .90820  
1. 6 1R2 0 
1.37820 
1 .16820  
9.01R19 
8.29819 
6.99R19 
5.9083 9 
4.97R19 
4.19E19 
3.52819 
2 . 9 6 8 1 9  
2 . 4 9 8 1 9  
2 .  1ols19 
1.77E19 
1. 50Ri 9 
1.27819 
1.00R19 
0.16E18 

3.13B20 

7 . ~ 1 ~ 1 0  
6 .69618  
5 .75818  
4 0 9 SR10 
4.28E18 
3.721110 
3 . 2 4 8 i 0  
2 .81110  
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;. 69810 
7.85E10 
8.00R18 
8 .13810  
0.25B10 
0.37E10 
0.47R10 
0.57B10 
8 .66810  
0.74810' 
0 .82810  
8.89E18 
8.96818 
9 .02818  
3.09810 
9. 14810 
9.20E18 
9 ,25818  
9 .30818  
9.35gl0 
9.40B10 
9.44810 
9.49818 
9 . 5  3B1 0 
9.57810 
9.61U10 
9.65B10 
9 .69810  
9 .73Ri0  
9.76810 
9.65B10 
9 36Bla 
9. 01810 
8.60810 
0.111518 
7 .53510  

6.34E10 
5.80R10 
5.20810 
4.791510 
4 .34810  
3.94B10 
3.50B10 
3 .2681  0 
2.97R10 
2 . 7 1 m 0  
2 , 4 8 8 1 0  
2 . 2 7 8 1 0  
2.09R10 
1 .92610  

6 .92818  

x = 750 

4.251521 
3.71R21 
3 .23621  
2 . 8 0 8 2 1  
2 . 4 3 3 2 1  
2.10B21 
1.01621 
1 . 5 6 M 1  
1.34E21 
1 . 1 5 1 2 1  
9.70€!20 
0.32E20 
7.00B20 
6.011p20 
5 . 1  082 0 
4.31E20 
3.65E226 
3.08E20 
2 . 6 0 8 2 0  
2 .19820  
1 .05820  
1.56Bz0 
1.31820 
1 .. Om0 
9 .26819  
7.77Bl9 
6 .50819  
s.43s19 
6.53Ri 9 
3.36R19 
3.1 1B19 
2 . 5 6 8 ? 9  
2011ux9 
1.73E19 
1.b2E19 
1.17R19 
9.50818 
7 .878:8  
6 . W 8 1 0  
5.35818 
4.4381 0 
3 .67310  
3.06110 
2 .55  81 8 
2 .  1 S 8 1 8  
1.80Ki8 
1 .52810  
1. 29810 
i.iOi?i0 
0.37B17 
0.05817 

% 
1.59E22 
1 .30822  
1 . 2 0 m 2  
1.05B12 
9 .0982  1 
7.04B21 
6.77B22 
5 . 0 3 3 2 1  
5.01lr2 1 
4.29E21 
3.66R2 1 
3.1282 1 
2.66B21 
2.26E21 
1 .92821  
1 .6382  1 
1.3882 1 
1 .1782  1 
9.88E20 
0.37R20 
7.00B20 
6 .0082  0 
5.00B20 
6.30d20 
3.6YB20 
3 .09820  
2 . 6 2 8 2 0  
2 . 2 2 m 0  
1 . 0 0 8 2  0 
1 .5a820  
1.14E20 
i . t j l t 2 0  
9.SiS19 
0.611119. 
6 .79S19  
5.67 I1 9 
9.76El9 
4.01819 
3.30B19 
2.06E19 
2.92lt19 
2 .OB819 
1.75B19 
1.49819 
1.281519 
1.1QBi9 
9 . 0  5818 
0.17810 
7.09818 
6. i7819 
5 .  $OB10 



APPENDIX A-5 

Calculated values of the total Q-function together with the important com- 
ponents  are^ listed in tables A-5 for several v a l w ~  of solar zenith angle. The 
final column labeled A Q / e  is our estimate of the relative error on Q(z, x ). To 
obtain this eetimate um consider each component (I, to have an indepeadent rela- 
tive error given by 

To evaluate this expression we assume somewhat arbitrarily the following 
uncertainties, 

flux aFi/Fi = .25 

cros8 section 
ay.. aiy. ./cr.. 2: - 11  = .10 

I !  ‘ I  Yi j 
atmospheric density aNj/’Yj = .20 

nitric oxide aNO/NO= 1.0 

For the following components of Q we have used the uncertaintiee 

q(1025-991A) aq/q = 1.0 

q(977A) aq/q = 1.0 

The relative error onQ is  then obtained from 
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APPENDIX A-6 

Equatorial Reference Electron Density Profile 

In principal, the electron density distribution of the lower ionosphere from 
60 km to 105 km can be accurately deduced from ground-based radio wave ab- 
sorption and virtual height measurednts ,  provided that the measurements are 
performed over a sufficiently wide raage of frespiencies, perhaps from about 
0.25 MIie to 3.5 MHz. In practice, it ha8 provec to  be difficult to conduct- experi- 
mente at frequencies less than 1.5 MHz partly because them frequenciee fall 
within the broadcaet band and also.becauee tbe noon absorption is high at these 
frequencies, so that the reflected wave cannot be detected by coaventional methods. 
The frequencies generally employed for D- and E-region absorption atudies 
have therefore been limited to the range 1.6-3.5 MHz. 

Electron density profiles have been derived from multi-frequency data 
acquired within this limit& frequency range (Beynon and Rangaswamy, 1969): 
but there s w m s  to be some uncertainty in tho precise form of these Ij;ofiles at 
altitudes below about 80 Ism. This is because the total absorption and ita varia- 
tion with frequency in the rme 1.6-3.5 MHz is rather insensitive to ths exact 
shape of the profile at thene !ow altitudes. Here the absorption is entirely non- 
deviative ami is a relatively omall fraction of the total absorption. 

Ground-based method8 which yield more accurate profiles for altihder below 
80 km ar3 the partial-reflectim tcrhnique, wave-interaction experiment8 and 
propagation meaeurements at low- and very-low frequencies. But none of 
these me4 hods haa hitherto been exploited at equatorial latitudes. Tbe few 
profiles tnat am matiable for these altitudes at the equator are those obtalned 
from rocket-borne measurements at T h w b a ,  India (Kane 1969, 1972, Somayajulu 
et al. 1971, Aikin et al. 1972). 

In the preseni m r k  we construct a reference electron density profile for a 

erg cmm2 sec-') at solar cycle glBxIm\un, by combining the 
solar zenith angle x = 10'. for the conditions of an undisturbed sun (1-SA flux 
less than 0.5 x 
resulte of a noontime rocket measurement at Thumba, India with the results of 
multifrequency absorption and virtual hei-muaeurementr made at Colombo, 
Ceylon, For the b~e!8t segment of the profile from 60 km to 82 km we adapt the 
electron deneity distribution derived by Ksae (1969) fyom rocket-borne abtorption 
measurements obtained when the solar zenith angle was 14'. This is the smdlecrt 
zenith angle for which rocket meaeurements are available. The electron danrity 
values computed by Kane have been corrected so as to be cmsiatent with thc: 
current best estimates of collision frequency. 
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The uppermost portion of the profile depicts the E-layer maximum. The 
correeponding electron demit.,. is calculated from the critical frequency foE of 
the E-layer, Empirical formulae which give foE aa a function of solar activity 
and zenith angle have been deduced from several decades of ionosonde data. 
The formulas used in the present work are listed below: 

(a) M i m s  (1964) 

For m n  foE, 

(foE)‘ sec x 1.55 CP - 1.0 x 1O-j Q2 t 14 

where 

9 is the 10.7 cm flux in Hz”’ 

(b) Lyon (1965) 

Annual mean foE at Ibadan (0792294 03O 58’E) mound noon ie given by 

- 
foE = 3.47(1 t 0.0014Rs) 

where R, is the sunspot number. Since the noon foE variea wfth season in pro- 
portion to x thia formuia reciucea to 

foE = 3.52 COS’ *’ x (1 + 0.0014 R,) 

(c) Eyfrig and Rawer (1969) 

where 9 is thegeographic latitude and (0 is the 10.7 cm eolar flux. 

For the solar conditione rtppropriate to our refereno0 profile, that ir 
x = loo, Rz = 85 and CP = 135, the mean value of foE given by there formulsa 
is 3.89 MHz corresponding to an elmtron denaity of 1.9 x lo5 cG3 . 

The altitude of the E-layer peak ir cakculated from the exproseion (Piggott 
and Thrane 1966) 

h,E = 105 t 7.5 ln(sec  X) km. 

For x = lou, hE = 105.1 2 105 km. 
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Noontime rocket-borne probe measurements oonducted at equatorial latitudes 
(Aiki:: and Blumle 1968, Satya P r h h  et al. 197r~ ha* - indicateci that the E-region 
haa a broad maximum of ionization which extends several kilometers above the 
peak altitude deduced from ionosonds records. For the mfereince profile we 
have thereforb adopted a constant electron density of 1.9 X los ~ r n - ~  for the 
altitude range 105-110 km. 

To determine the electron de Jsity distribution in the intervening region from 
82 km to 105 km we firat postula a an arbitrary distribution and then adjust it by 
trial and error until the calculated values of absorption and virtual height of 
vertically incident radiowaves of different frequewiee are in gooc' 
with the ground-bae&l rneaeuremente made at Colombo. The experime&d data 
used for this purpom are those obtained with radio waves reflected from the 
E-layer, on the five frequencies 1.33, 2.0, 2.2, 2.6 and 3.2 MHe. The data on 
1.33 MHz had been obtained by meam of a special technique which enabled the 
detectfon of weak echoes (Gnanalingam 1954). 

,Teement 

It is well known that the virtual bight of reflection is particularly ecrxteitik 
to the elsct19n deruity gradient near the refleion level. So, our initial triale 
am directed towards finding a 6uitakle profile for the bottomaide o? tbe E-layer. 
As a firet step it is convenient to c~~eume an electron denaity dietributiqn that 
coutd represented 1~ one of the s e w e d  formulae which have been 
for t b  profiles of ionudpheric layers (gudden 1961). The virtual bight. 
then be readily computed from well-established analytical expreseione. 
profile selected by ua as a firet trial is the 'sech * profile given by the 
expression:- 

Ne = 1 . 9 ~  10s sech2 - ih 3 
where the eymbols have their usud meaning. When the earth's msgrrstio field 
and electron eollldonr may be neghtod the virtual b i g h t  resutthg from thle 
profile is given by (Budden 1961, p. 157) 

H 
h'(f) ='H log[$ - 1) '1/2 s i n h T + { ( ~ -  \ fd 1) - I  a inh2--  1 

This relation i6 ale0 valid for an ordinrry wave 
magnetic equator. For H = 8 km, the virtusf. heig ..., computed from thi6 
expression are listed together with the meanwed valued: 

~ted vertically mar the 
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Frequency (MHz): 1.33 2.0 E .2 2.6 3.2 
True height hc (lcm): 91.1 94,7 95.6 97.3 99.8 
Computed h' (km) : 96.8 100.8 101.9 104.1 107.8 
Meapni .- h' (km): 96.5 100.4 101,3 1C0.4 104.6 

The discrepancies between the coniputed and rneasur-,d virtual Reighte, 
particularly at the two higher frequencies, indicate that the electron densities 
have to he increased elightly at altitudes hetween 95 km and 105 h, The profile 
is modified aaordingly. It is also found that the lower end oi: tte 'mch2' profile 
has to be rounded of€ so that it merges smoothly %ith tho Kane profile at 82 km. 

We now have a compsi te  profiie from t 3  km to 110 km. The absorption mri 
virtu:! height resulting from this protile d e  nest calculated by means of the 
p tneralized magnetionic theory using the l ay  theory q,?roximation. In calculating 
these quantities, the electron density and collision frequency values specified 
at 1 km intervals are logarithmically interpolated bv tbe computer for altitude 
laminations of I00 meters. Since the complex rzfractive i n d a  chbagee vaq 
rapidly immediately below tho fsflsct 
is subdivided into smaller laminations of 10 meter thickwee. The reflectiw 
level h, is defined for the ordinary mode 88 the altitude at which the plasma 
frequency equals the frequency of the exploring rbdiomve. 

% leve', the last 1 km of the ray trajectory 

To the absorption calclrlated by ray theory we add a phme integra! correc- 
tion which is computed from the rpproximate analytic expreision derived by 
Thorp (1971). Near the magnetic equator, thi3 correctioii is relatively smdl,  
Thorpe has checked h .: results against ;he phase integral correction computed 
rigorously, and has found that his accuracy is better than 5-13% proviaed thRt 
the angle between the wave normal and the g2ornagnetic field is greater than 10' 
which, of course, is the case near the magnetic dip equator. A t  our exbloring 
freqtienciea, this combination of a ray theorj  cakwla?Jorr glue a shase integral 
CCFP 

t\le overar! accuracy of the absorption calculated by this method is better than 
ion gives a good approximation to a full wavz solution. We estimste thai 

r1.0 db. 

To calcuhte the virtual height we note that, for riii ordinary w w e  propagat*.rg 
vertically near the magnetic dip equatcw, the phase refractive !*ex n and the 
group refractive index n' axe relaled, to a good approximation, by the expression 
nn' = i, provided that the effect of collirions may be neglected. Hence, from ray 
theory, the virtua!. height cap be computed, with sufficient accuracy for our pur- 
pose, from the expression: 
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The advantage of using this expression is that n can be calculated more readily 
than n'. To the value of virtual height calculated by ray theory we must add a 
phase i D t e g r a l  correction 80 as to give a result that is closely equivalent to a 
full-wave solution. Instead however, for ease of computation, we adopt an alter- 
native procedure (Titheridge, 1967) in with n!z) in the above integral is eval- 
uated with the collision frequency set q u a i  to eero. The accuracy of the virtual 
height resulting from this pFocedure is estimated to be better than i0.5 km. 

The values of abmr@ion Ird virtual bight computed for the composite pro- 
file, for the five frequencies in the rangP 1.33-3.2 W z ,  are m w  compared with 
the meaeuremeb. The p d i l e  in the altitude range 82-105 k m  L then qitplbly 
adjusted in the light of any discmpsmcies that are noted a d  the nbove procedure 
is repeated. This process of iteratioa is ColPtiDued 
ment between the calculated and measured quantities. 

there is g c d  agree- 

It is mrlb mentioning that the values of abmrption and virtual height 
employed in the construction of the reference profile are the mean values of 
the won measarements obtained on 72 days when the sun was Uadia$urbed, that 
is 1-8A solar X-ray flux less than 5 x lo' ergs cm'l 8ec-I. in the equim&al 
months of 1968,1969 a d  1970 around solar cycle maximum. On 1.33 MHz, bow- 
ever, measurements were only available for 16 days. 

The limits of unceFtsrinty given in  Table III for the absorpt&oa d 
virtual height need some! comment. The figures for m=U is 4b for 
1.33 MEfi and ;t2 db for 2.0.2.2, 2.6 aad 3.2 M&, are estim.tep of the uacer- 
tainties in the calibraUoa constants, aad hence in tbe absolute m8gnitudea of the 
mean sbearptlon. These estimates are based on the mamber of h d q e x h t  
measummenb that were obtained for the calibration coaotant on each frap\rembcy, 
and on the uncertainty (about *I&) in the ground reflection coefficient. 

The values of mean absorption are a l ~ ~  subjeet to raxiom ernon .ri.Lag 
partly from experimental errors and partly from the inherent variability of the 
ionosphere. The precision of the indivihal ab8orption measurements is esti- 
mated to be better than i2 db, and the stanrlnrd devilrtion of the memwmnntn  
in the 72-day sampk fir f d  to be about 2.5 db. Hence, the atandad error of 
the mean absorption is approximately {(2s + 2.52)/71?1'2 = 0.98 db. This ermr 
is relatively small and is not therefore included in the rabie. 

In the case of h e  virtual height measurements, the calibration accuracy of 
the %easurfv system is better than iO.1 km. Errors due to &e ri6e-tlme 
effects are eah nated to be less than 1 km. The principal source d uncertaiaty 
in the measurements is the distortion of the echo pulse caused by the 'mqhness' 
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of the reflecting layer. This is a prominent feature of E-region echoes received 
near the magnetic dip equator and is a conseq\lence of the irregularities associ- 
ated with the electrojet. The leading edge of the echo pulse is ill-defined, so that 
the virtual height cannot be determined with great accuracy. The reading accu- 
racy of each observation is no b e a r  than i!4 km. The apparent variation in the 
virtual heights measured on the undisturbed days is probably due to this cause; 
and the standard deviation of these rreasurements may be regarded as i a c a t i v e  
of the degree of rough11888 near the reflection level. 

In Table III, the uncertainties in the measured virtual height are represented 
by their standard deviations. From a statistical point of view the 95% confidence 
limits of the mean virtual heights are abart one fourth the standard deviations. 
However, considering all possible sources of error, the actual limits of uncer- 
tainty are probably about i1.5 km. 
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APPENDIX A-7 

Calculated Ne (z, x) Profiles 

From a knowledge of how the Q-function changes with solar zenith angle 
(Appendix A-5) togetber with the noontime initial condition on the electron density 
profile (Le. Ne (ref), Appendix A-6) we can calculate t b  decay of the electron 
density profile as the solar zenith angle proceeds toward sunset. This we do 
by considering the following photochemical equation for the rate of chaqip of 
positive ion density. 

d N + / d t  = Q - adN+Ne - a i N + Y  (1) 

whem ad , ai are the coedficients of electron-ion and ion-ion recombination 
mspectively. Since 

Ni = Ne t N- = (1 t A) Ne 

d N i / d t  -= (1 t A) d N J d t  t NedA/dt 

mfininp aeff (1 + A) (ad+ Adi),  wetheahme 

If we now assume dhat A N-/N is time (zenith angle) independent, we 
have ax/& = 0 and equation (4) b e c o k  

(1 t k) dN,/dt = Q - aeff NZ (5) 

whure aef is now time independent. This quantity can be evaluated by noting 
that at noontime (Le. X = loo) dN /dt = 0, and therefore 

=eff = Q(lOo)/N:(ref) 

For the special case A < < 1, equation (5) becomes 
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Which can be solved nume~cally. When this is done we Ami that tbe d y  /dt term 
is completely negligible for x I 75'. The decay of Ne (2) with solar zenith angle 
can then be expressed as 

NJz. y )  = NJref)  {-) 

The codtion A < <  1 breaks down at 8omc altitude ~ $ 8 0  km. H m m r  
since we have already deterrr 'md that ths dN /at term is gegllglbLe far A<< 1, 
it immediately f o u m  from equation (5) that &,/a is even s m . a ~ e r  w b ~ n  
A 2 1. Thua within our assumptian dvdt = 0, equation (8) remains a good 
approximation at the lower altitudes. 

Profiles of N,(z,y) calculated from equation (8) are shorn In Fig. A-7.1,2,3. 
The upper and lower limits on Ne@,,) shown in these figu~ea result from the 
r.m.8. error A Q/Q given in Appendix A-5. Included in each figure is tbe Ne (z) 
profile required above 95 km to yield agreement with the ground-baeed measure- 
ments of r a d i o m e  absorption and virtual bight. It is seen that the required 
profiles are well outside the error limits on our calculated profiles. 
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APPENDIX A-8 

T&ulated valms of our model for the afternoon decay of the electron density 
pro5le (shown in Fig. 8, Section 10) are given here in Table A-8. It should be 
noted that this equatorial model is for gcruinoctial months under quiet t3un con- 
ditions at solar cycle maximum. It should also be noted that at tne lower-most 
altitudes our model underestimates the decay of the electron density profile since 
we have assumed that the effective recombination coefficient does not increase 
with solar zenith angle (i.e. d'Jd t = 0. 
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