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Stratification in the Lower Ionosphere 1 

C. Ellyetp and 1. M. Watts 

(April 16, 1959) 

A su rvey of tile eviden ce fo r strat ifi cation in t h E' ionosphere below 100 km is given , 
cove ring rad io a nd op tical obse rvations, and rocket meas ureme nts. T he conclusion is 
rcached t hat one stratu m at about 85 km is observed co ns istently , a nd that other fin e str uc
t ure exists bu t has n o long· Lime constancy of he ig ht 0 1' pattern . There is no ser ies of prc
ferred heights below 100 km. The au t hors cons ider expla nat ions whi ch m ay accOLl nt for 
t he obsen 'ations, an d ad vocate t he tes ti ng of radio meLhods of exploration i;l con ju nction 
with rocket meaSl1l'ements in order to ci evelop the m ost p ract icable mealls of obtain in g 
acc urate electr on density versus height p rofi les on a synoptic basis. 

1. Introduction 

Gradually, over t he past t wo decades, experi
m en tal r esul ts have eiLheI' indicated directly, 0 1' have 
required the postulation of t he existence of one or 
more discrete horizo n tal layers of ionizatio n below 
t he E-region of the ionosphere. Som e of t he m.ost 
direct experimen Lal evidence for such sLrat ificaLio n 
has been obtained from vertical pul ed so unding 
of the ionosphere by Dieminger (1952), Gardn er and 
P awsey (1953), Gregory (1956), and others. H ow
ever, ma ny other unrelated types of experiment in 
the li terature tend to support t he concep L of sLra ti fi
cation , and , because of the d iversity of experiments 
and the types of phenomena observed , t he term 
"stratificn,tion" has been broadened in Lhis paper 
to include, in addition to layers of ionizaLi on , a ll Y 
phenomenon Le nding Lo localize 0 \' show m axima at 
one or more heigh ts, provided the effect is not purely 
t ransient in characte r. 

The purpose of t his paper is t hreefold : First, to 
search t he li terature for all referenees to discrete 
heights of phenomena occurring in the E -region and 
below ; secondly, to presen t and compare models 
based on t wo different premises; and, finally, to 
discuss t he avenues most likely to lead to fur ther 
progress in exploring t his r egion of the atmosphere 
between 50 and 110 km. 

The references to discrete heigh ts have been sur
veyed and grouped under the headings of radio, 
rocket, meteor, and op tical phenomena, and are 
followed by n, briefer study of the heigh ts of occur
rence of some of the relevant, photoemissive processes. 
The exis tenee of winds a nd t urbulent a il' condit ions 
in the lower ionosphere is well established and 
heights of these phenomena have in some cases been 
deduced. Sufficient material has been included to 
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show t he nature of the phenomena, bu t a com pre
hensive discussion of t urbulence has not been at
tempted. 

2. Radio Methods 

2. 1. Conventiona l Sounding s 

At first, workers were busy d iscovering the impor
tan t characteristics of t he E- and P-regions above 
100 km, and paid scan t aLtention to less promin en t 
details. Appleton (1930), using a frequency change 
m eLhod of invest igat ing Lhe standin g wave pn,ttern 
of sky and ground waves, no Liced "subsidiary 
fri nges" whieh co uld be in terpreLed as the effect of 
extra layers in the E-l'egion . R atcl iffe and White 
(1933) showed that some du al ecboes which occurred 
in the E-region but never in t he F-region were not 
mn,g netoionic componen Ls and were presumably 
from extra stratification . Bo t h of tb ese cases were 
probably from heigh t just above 100 km, and would 
now be called sporadic E , but Appleton and Pidd ing
ton (1938) produced a histogram of echo heights 
showing a broad peak at 110 km, but signifiean t 
occurrences of heigh ts down to 80 km. In their 
opinion all echoes below t he E -Iayer were tran sien t 
in character and never of high strength. Appleton, 
Naismit h, and Ingram (1939) discussed the applica
tion and limi ta tions of the cri tical frequency method 
of determining maximum elec tron densities of the 
layers, and in so doing, m ention ed the effects of thin 
layers, scattering eenters imbedded in layers, thin 
sheets formed by coagulation of clouds of electrons, 
90- to 100-km echoes (called trailing echoes), and 
F -region scatter . They also showed that sporadic-E 
refl ections n,re from a preferred height. E llyett 
(1947) collee ted early D-region information , and 
presented it t ogether with some Pacific I sland data 
from Pitcairn and Raoul Islands, showing t hat 
V-echoes were observed only during the day. 
Whale (1951) , in summarizing the qualitative inter
pretation of regular ionograms, discussed subsidiary 
layers and evidence of irregularities in the E -region. 
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2 .2. Experiments With Pulses a t LF and MF 

Pulse transmissions at low and m edium freq uencies 
have produced a large quantity of data concerning 
the lower ionosphere. H elliwell (1949) and H elli
well, Mallinkrodt, and Kruse (1951) observed at 100 
and 325 k c, r eporting heights from 86 to 106 km 
which were constant over periods of several hours, 
but which varied widely from day to day. At night 
"multiplicity of strata between 90 and 130 km" was 
observed. The separation of the echoes did not 
increase with order , which they interpreted, in the 
mann er of Ratcliffe and White (1933), to mean 
s tratifica tion of t he m edium instead of echoes 
magnetoionically split . H elliwell (1952) also has 
shown that when histograms of observed reflection 
heights are plotted , certain "preferred heights" are 
evident. During August 1951 the values obtained 
were 100, 106, and 112 km. 

Further information on observed heights of r eflec
t ion may be found in Lindquist (1953) and Watts 
and Brown (1954) . Lindquis t r eported ver tical 
incidence results at 150 kc in the form of monthlv 
m edian values of r efl ection heigh ts. They wer"e 
generally 85 km by day and 95 km by night. Wat ts 
and Brown produced low frequ ency ionograms with 
sweep frequency equipment, and reported heights in 
the forms of histograms and m edian valucs for 4 
winter mon ths. Day levels were from 70 to over 
100 km, and at night the lowest level was 90 km. 
Several discrete levels were obser ved day and night, 
but in addition there was some evidence of turbu
lence in the lower r eflections. 

Kilpatrick (1957) has correlated low frequency 
ionograms with standard high frequency ionograms 
made near the same location . The r esults clearly 
indicate that some of the low frequency reflec tions 
have little or no relation t o the normal daytime 
E -layer . In order to inves tigate the r eliability of 
na viga tion al systems- especially loran- N aismi th 
and Bramley (1951) conducted a series of experi
m ents using pulses from regular loran stations, 
modified broadcast transmitters on 668 and 877 k c, 
and regular vertical incidence sounders. Equivalen t 
heights of r efl ection were computed for differen t 
ranges and days. They found a marked failure of 
Martyn 's theorem concerning reflection delays a t 
vertical and oblique incidence, indicating that partial 
r efl ections were importan t a t oblique incidence. The 
lowest heights derived were 50 km a t long range 
(1,208 km) t o 85 km a t 170 km. Two peaks, one 
at 75 km and another at 95 km were commonly 
present a t in termediat e r anges. At a r ange of 1,208 
km the only prominen t peak in the histogram was 
at 70 km. 

In another oblique incidence experiment a t 300 kc 
(Watts 1952 a) , derived reflection heigh ts were 70 
km by day and 80 km by night. It is significan t 
tha t t he obliq ne incidence results gave lower heigh ts 
than had been observed at vertical incidence a t any 
frequency. Also wh en 2- and 3-hop modes were 
used to derive reflection heigh ts, greater valu es 
always r esulted, showing tha t the angle of incidence 
con trolled the effective height of r eflec tion. 

Polarization t ests of r eturned echoes have been 
made in order to r esolve the question of th e meaning 
of the apparent s tratification in the r egion below 100 
km. B enner , Grace, and K elso (1950) used a crossed
loop polarimeter receiver to determine whether the 
split echoes were due to magnetoionic spli t ting, layer 
stra tifica tion, or partial reflection . They found the 
m easured polarization precluded magnetoionic split
t ing, but i t did no t fit th eir theoreti cal limiting polar
ization . Watts (1952 b ) used a circularly polarized 
transmitting an tenna, with periodic switching of the 
sense of ro tation. Most occasions showed that split 
echoes had appreciably differen t polarizat ions, as 
evidenced b y differen t amplitudes when the sense 
was reversed, but in only one case wer e th e split 
echoes of completely opposi te sense . 

In the low level r egion, disturbances by magnetic 
storms have the effec t of making th e r egion more 
t ransparen t a t nigh t to th e low and m edium fre
quen cies . Also, the fadin g is more rapid (Watt and 
Brown , 1951, and Lindqui st , 1953) . Lindquist also 
noted that SID 's reduced the amplitude of the 150-kc 
r eflec tions, but did not change their virtual heigh t. 
This probably m eans tha t fadeouts are caused b y an 
increase of ioniza tion well below the refl ection heigh ts 
b eing obser ved . 

F ejer (1955) used a pulse techniqu e of novel type 
in an experimen t involving in teraction of two pulses 
in th e ionosphere. By adjusting the timing of th e 
two t rains of pulses, the h eight at which th ey coin
cided could b e al tered . The m ethod enables a de
t ermination of both electron densi ty and collision 
frequ en cy versus h eigh t to be mad e. H e derived a 
profile of electron d ensi ty showing ledges n ear 72 
and 78 kill, presumably in th e daytime. The method 
seem s potentially powerful but, like most inter
a ction techniques, r equires dealing wi th very small 
effects. 

2.3. Experiments Involving VLF Using Either CW 
or Sferics 

An approach to lower ionosph eric understanding 
by m eans of long wave propagation has interested 
some other workers . It was hoped that th e experi
m ents would prove that a simple model would suffice 
to predi ct propaga tion charact eristi cs. 

W eekes (1950) at 16 kc found that th e r eflec ting 
layer chan ged its characteristics between 300 and 
500 km distance from the t ransmitter. A t less than 
500 km the received polarization was circular and 
the r efl ec tion h eight was either 67 or 75 km, depend
ing on alternative phase changes assumed upon r e
fl ec tion. At 500 km or greater the polarization was 
linear, but the height was not determined . Bain and 
Bracewell (1952) proposed tha t two differen t r eflec
t ive heights, having differen t diurnal ch aracteristics, 
would explain the VLF phenomena. Bracewell 
(1952) postulated a new theory of layer formation to 
explain the downward extension of ionization ob
served during an SID, and also that there must be a 
separate layer below the E -layer . B ain (1953) wen t 
further , r equiring two layers below th e E, and re-
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quiring that the SID effect wa a downward exten
I sion of the top layer without change in the nature of 
its ionizing rcaction . Hopkins and R eynolds (1954) 

, s till later consid cred th c problem , and decided that 
diffi culLic of interpreta tion arise when more than 

~ onc wave of appreciable magnitude is r eceived and 
I tha t Lb cil' r esults gave only a broad description of 
obliqu e LF and VLF propagation . 

I 
Riv~ul t (1950) .obs~rved that the average height of 

reflectlOn of sferIes In October , 1949, from 1700 to 
2100 hI' was 75 km, and mentioned marked changes 

'I in th c heigh t of reflection during a magnctic storm . 
l Caton and Picrce (1952) observed that sfer ic wave
I forms arising from the southwes t were diffcr ent from 
thosc arriving from the southeast, which seem ed to 
indica te that the earth 's magnetic field influences the 
propagation. Their r eflection heights averaged 86 
km at night. Daytime waveforms were not suitable 
for analysis . H cpburn and Piercc (1953) deduced a 
daytime height of reflcction of 65 km, and a nigh t-

I 
time h eigh t of 90 km, from obscrvations of thc 
"slow tail" of sferics. 

I In 1953 Budden a ttcmp ted to fit thc accumulated 
VI..JF observations of field strength versus distance 
into a model consisting of a sharply boundcd, homo-

I geneous ionosphere and a perfect ear th as a wavc
guide, n eglecting thc car th 's magnetic field. A 

r compu tel' was uscd to cal cula tc wavcguidc modes and 
by trial to select parametcrs which fitted the ob

I scrved field pattel'11s. H e found that the four least 
I attenuated modes explain ed the measurements if 
1 a heigh t of 69.1 ± . 05 km was assum ed, togeLher wil-h 
a collision frequen cy of 1 to 3 X 107 /sec and an 

I elec tron density of 135 to 400/cm3 at the boundary. 
I This was a daytime modcl. 

In a later analysis, vVait (1957) showed that some 
I of the modes (called ncgaLivc ordcr by Budden ) had 
no physical significance. Using thc correctcd form 
of the modc expansion and a sharply bounded lower 
ionospher ic model, ' Vait compared calculated field 
s trength versus distance curves wi th the best avail
able cxpel'imcnLal daLa for daytime trans-P acific 

I paths. For frequ Ol lcics in the r:'Lnge 16. to 25 kc 
, thc agreemcnt was good for all distances If th e col

lision frequency was taken as 107/sec and the electron 
density as 1,000/cm 3 at a reflection heigh t of 70 km. 
At nigh t the reflection height deduced was variable, 
but it seemed to be near 90 km. Also, some calcula-

I t ions by Wait and P erry (1957) of ionospheric reflec
tion coefficients for a sharply bounded, homogeneous 

) medium, wi th the magnetic field in cluded, show 
a change of polarization and of phase of the /lR // co
effi cien t wi th range indicating a qu asi-Brewster angle 
effect which may explain the existence of the change
over in reflec tion charactel'isLics observed by the 
earlier workers at inLermediaLe ranges . 

I In summary, a complicated stratified r egion is 
1 probably no t needed to m,plain tile VLF results, but I if th e medium is so complicated, Lhere may be sub tle 

VLF effects as yet unobserved. As an example of 

I 
such refinemen ts, W ait (1958) has found it expedient 
to in troduce a two-layered model in ord er to predict 
the field strength versus distance ch aracteristics at 

frequencies lower than the range 16 to 25 kc con
sider ed in the earlier paper (Wait, 1957). 

2.4. Theoretical Work Applying to Propagation 
of VLF and LF 

A lack of analy tical solutions of the equations 
of wave propagation in inhomogeneous anisotropic 
media for the general case applying to the lower 
ionosphere has plagued all experimenters. H ow
ever , approaches have been made in two ways; fiTst 
by finding approximate solutions of the wave equa
tions, and secondly by devising digit al computer 
techniques for integrating numerically the wave 
function through the medium. In bot h cases 
models of the lower inonosphere must be proposed, 
t ried, and modified un til the results fit the observed 
characteristics. With reference to stratification 
several workers have argued that spli t echoes do not 
necessarily imply stratification, since their theoretical 
work predicted a "coupling echo" in addition to the 
r egular echo from a single layer. See N ertney (1952), 
Gibbons and Ner tney (1952), Ner tney (1953), 
D avids and P arkinson (1955), and Parkinson (1955). 
However , Budden (1955) in a complete treatmen t 
and some Lrial solu tions by the numerical integrft
Lion method, did not men Lion the extra echo. If 
the phenomenon exists, and his m atrix R were plotted 
against height, it should exhibi t the con tribution 
from the extra "coupling" echo in appropriate levels. 
Poeverlein (1958) presents an an alytic method con
sisting of approximation by very t hin slabs which , ac
cording to the au thor, reduces to valu es equivalent 
to Budden 's matrix R. Both Budden and Poeverlein 
demonstrate a " quasi-BrewsLel' a ngle" phenomenon 
wi th changing angle of in cidence. (Sec comments 
referring to Wai t and P erry (1957) above.) In 
summarizing this and the previolls section , it should 
be no ted that none of the methods discussed have 
enabled unambiguous, direct deducLions of values 
of electron density and collision frequency versus 
heigh t to be made. These should be Lhe funda
mental objectives of all ionospheric research . 

2.5. Experiments With VHF Ionospheric Propaga
tion 

R esearch in VHF ionospheric propagaLion soon 
revealed that the signals were in general being re
turn ed from below the E-layer. Bailey, Bateman, 
and Kirby (1955) listed daytime heights between 75 
and 80 km and nighttime heigh ts of 85 to 90 km . 
The lowest height observed in some pulse tests was 
59 km, and often several "strata" were simultane
ously active. Pineo (1956) reported h eigh ts of 70 
km by day and 86 a t nigh t, wi th frequ en t observa
tion of two day time J'efl ec Lion hcigh Ls of 73 and 89 
km simultaneously. It is qui te apparen t tha t these 
discrete heights at VHF cannot be explained by 
magneto-ionic splitting, and although ther e may be 
other diffi cul ties of interpretation, these observa
t ions refu te the idea that stra tification is physically 
impossible in the region . 
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2.6 . Lower Ionosphere Pulse Techniques a t MF, HF, 
and VHF 

Dieminger (1952 and 1954) called attention to the 
fact that low-level echoes were being observed in 
Germany by a conventional ionosonde. He observed 
the following characteristics : 

(a) The echoes could be seen from 1.6 to 4.0 Mc 
at heights of 75 to 90 km in the daytime. 

(b) There was a diurnal variation of height with a 
minimum at noon. 

(c) The low levels merged with a 95 km level at 
night. 

(d) The heights of all echoes were independent of 
frequency. 

(e) There was a correlation of the absorption of 
higher level echoes with the height of the lower 
levels. 

(j) Low level echocs were most frequent in win
ter, and occurred in groups of days. 

In Dieminger's opinion the echoes were produced at 
a sharp boundary, but the echo structure was patchy, 
indicating an inhomogeneous medium. Meteor dust 
was proposed as the cause of a permanent nighttime 
echo at 95 km. He also concluded that the results 
were strongly influenced by meteorological phenom
ena, and that synoptic data over the world might be 
necessary to understand them. At about the same 
time, Gnanalingam and Weekes (1952) reported 
heights of 75 to 80 km on win ter days of high absorp
tion, but on other winter days heights of 90, 96 , 
and 112 km were common. They used a sensitive 
frequency modulation technique to detect the weak 
signals. Later Gnanalingam and Weekes (1955) 
speculated on the nature of the region responsible 
for their observations. They argued that the echoes 
were not caused by gradients, because gradients 
would be destroyed by diffusion above 80 km, and 
gradients alone would not explain the absorption 
effects impressed on reflections from higher regions. 
They required a separate layer in the D-region 
which became totally reflecting at times at their 
frequencies (1.4 Mc). A histogram of all observed 
heigh ts near noon during January and February 1952 
and December 1953, showed no preferred values. 
The lowest height was 74 km. 

Some lower ionospheric information has also 
resulted as a byproduct of auroral radar studies. 
Forsyth, Currie, and Vawter (1953 ) reported back
scatter on 56 Mc which they deduced came from a 
level of 85 km. Similarly McKinley and Millman 
(1953 ) occasionally received vertically incident 
echoes on their 33-mc meteor radar at an approxi
mate height of 80 km, nigh t and day. 

The first pulse experiment especially designed to 
study the lower ionosphere at vertical incidence at a 
fixed frequency above all critical frequencies of the 
region was described by Gardner and Pawsey (1953). 
They used a fixed frequency of 2.28 Mc and an 
overall sensitivity 30 to 40 db greater than Die
mingeI'. Daytime echoes were regularly found at 

heights of 60 km and up. Field strengths of the 
different components differed by factors of up to 10\ 
and no echoes were ever observed below 55 km. 
Echoing la.yers seemed to come and go at fixed 
heights. Their heights were classified in groups at 
70 km, 90 km and normal E-layer levels. Histo
grams of heights were also shown, arranged by the 
hour, and by the day. The lowest height showed a 
pronounced diurnal val'iation. The echoes returned 
from levels below 76 km were composed of a larger 
component of extraordinary polarization than of 
ordinary, suggesting that these were, indeed, partial 
reflections from less-than-critical density clouds of 
electrons in the region. In pursuing the analysis of 
the phenomenon Gardner and Pawsey show the 
theoretical basis for, and use of, a method of deriving 
a complete profile of electron density versus height 
in the region. Derived profiles are given for noon 
on two days in J\1ay. One shows maxima at 64 and 
73 km. The other has maxima at 68 and 73 km. 
The authors conclude that most absorption of HF I 
waves is above the 70-km region and that this region, 
although at a definite level baving separate existence, 
is under some kind of solar control. They think 
that VLF propagation characteristics can be ex
plained, using their results. 

It should be mentioned that Appleton and Pig- I 
gott (1954), being interested in the absorption of t 
HF waves, investigated Diemingel"s observations of I 
low level echoes in winter by studying other regular 
ionograms. Again they found that occurrence of 
winter days of high absorption is directly correlated 
with the occurrence of sporadic reflecting strata ' 
below the level of the E-Iayer. 

Gregory has used a vertical pulse equipment at I 

1.75 Mc of considerably greater sensitivity than that 
of Gardner and Pawsey, together with an antenna 
of 12 db gain directed vertically. His first paper I 
(1956) gives results which not only confirm the I 
stratification observed by Gardner and Pawsey, and 
Dieminger, but also show much additional detail 
as a resul t of the greater sensitivity. This enabled 
him to deduce or substantiate the following: 

(a) The existence of a modification of the E-region 1 
at 95 km, capable at times of total reflection, and 
showing some measure of solar control. 

(b ) The con tinuous existence, night and day, of a 
second region, having a lower boundary near 85 km. 

(c) The existence of a complex series of partial 
reflections, during daytime only, extending down to 
53 lun, with a marked increase in strength and rate I 
of occurrence at the lOWE'st heights during winter 
months. 

(d) The complete absence of reflections from 
heights below approximately 50 km. 

(e) A relation, on winter days of high absorption 
only, between E-region echo strength and partial I 
reflections from the heights 66 to 85 km. 

(1) T he findings of Dieminger that the low level 
echoes had a tendency to occur in groups of con
secutive days, perhaps acco unting for the winter 
absorption anomaly. 
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Obsel'vaLions of discrete heig hLs at 95, 85, 75, 67, 
and 53 km seem common in Gregory's work. 

Gregory (1957) published a comparison of heights 
observed at 1.75 mc with Lhose reported by Pineo 
(1955) at· VHF obliqu e incidence, pointing out t he 
remarkable similarities between the two with respect 
to heighLs and diurnal variations. The suggestion 
was mad e that L1w two approaches (MF and VHF) 
should be regarded as complementary ways of in
vestigating the nature of the region. A new low 
height commonly occurring on winter nights was 
founeL by Gregory (1958a) to be near 75 km, flS 

contrasted with the 85-km limit observed by the 
earl ier workers . 

Gregory (1959) states that equipment for recording 
D-region echoes has recently been installed at Scott 
Base, 78°S, in Antarctica, and that reflection h eigh ts 
similar to those in temperate latitudes are being re
corded. Initial r esults show that the all-daytime 
summer heights lie between 62 and 90 km, with t.he 
90-h:m height present co ntinu ousl~T . Tbe fading 
rates are faster than at LemperaLe laLiLudes. 

Landmark (1958), in obsel'va t.ions at 2.3 Mc of 
three polar blackollts, found t hat 65- to 70-km echoes 
appeared, but only when the main echo was increas
ing in amplitude (recovery pcriod). T he statistical 
s ignificance of t ln'ee cases lllfl.y be somcwllat doubtful , 
but polar blackouts arc another phenomenon of great 

! intcrest to which too liLLIe attenLion has been paid. 
Bowles (1958 amI privatc communicaLio n) has ac

complished wiJat amounLs to a tOU1' de jorce in t he 
field of vertical incidence ob ervations using pulses. 
With a transmitter capable of 4 1,0 6 megawatts 
peak pulse power, togetb er with a 1024 clemen t 

) direct ive antenna, he has succeeded in obtaining r e
flections at 41 :Mc whicl1 exte nd from the lower 
ionosphere continuousl.v t hrough to above the F
byer d ul'ing the day Lime . In particular, echoes, 
attribu ted to turbulence, are observed con tin uou sly 
at 60 to 90 km heigh t. At any time several differen t 
strata are observed, bLlt their continuity in time has 
not been established. 

3. Rocket Observations of Electron Density
Height Profiles 

The use of rockets over the past SL,( years has 
introduced a powerful new tool in the study of the 
lower ionosphere. Much which in the past .had 
to be inferred by remote radio and optical probing 

I can now be measured directly. In this section only 
those rocket flights giving informatio n on t he electron 
density-height distribution arc discussed . Oth er 
flights designed to give informaLion on wind move
ments or on photoemissive processes arc included in 
foll owing sections on these subjects. 

\Vhile rocket flights can give results on electron 
concentrations in the lower ionosphere, they must 
be treated with caution, because: (a) Experimental 
techniques are complex, and in some cases have known 
possibilities of error; (b) instrumentation has been 
adj usted for elect.ron concentrations of the order 
found in the E-region. Consequently strata ap-

preciably below E, of roughly lOO-fold lower con
centration, have hardly been rccorded at all; and 
(c) the total observing time for all rocket flights is 
still extremely small, and hence a knowledge of the 
basic structure could still to some exte nt be obscLlred 
by local abnormalities. 

Nevertheless, sufficient results arc now available 
to show a fairly consistent pattern above abou t 8 
km, wit ll small concentration peaks and ledges super
imposed on a steadily rising electron conce nLration 
with height. The rocket usually traverses a dif
ferent part of the ionosphere on the upward and the 
downward portions of the flight , and ei ther this 
space separation effect, or a fading or tmbulen t 
effect arising in t he few seconds bet.ween t he two 
porLions of the flight, is sufficient in some' cases to 
remove , 01' to altcr the height of mino), concentration 
peaks . 

In 1953 Lien and coworkers reported four profiles, 
which differ in appearance, but three show a con
cenLraLion peak at about 97 km, and two show peaks 
at III and 122 km. Observations wcre continued 
by Seddon, Pickar, and Jackson (1954), with peaks 
appearing at 101, 113, and 128 km. During the 
descent Lhe 101 peak did not reappeal'. Jackson 
and Seddon , working wiLh good equ ipment in 1958, 
find a sLrong peak aL 101 km clue Lo a sporadic-E 
layer , not more than 1 km Lhick. Again PfisLer and 
Ulwick (1958) show peaks for one flighL at 106, 111, 
117, and 128 km, a ncl commenL on in Lense il'1'egulari
Lies. 

Jackson, in 1954, obLained daytime free electrons 
as low as 73 km. This was supported by Seddon, in 
1958, who obtaincd a measurable electron density 
at 74 km, and also observed an abrupL ledge at 86.5 
km. 

4. Influence of Winds a nd Turbulence 

4. 1 . Experimental Evidence 

(a) Radio echoes. The ionosphere exhibi ts the 
characteristics of movement at all levels. As an 
example, sporadic-E cloud s can be Lraced as they 
move bodily from one geographical location to an
other. The paper by Thomas and Burke (1956) 
gives an account of some of the deduced character
istics of these clouds. Their heigh ts are above 100 
km, their thickness is probably not greater than 1 
km, and the horizontal extent is of Lhe order of 10 Ian . 
It may be that similar structures can occur in the 
lower ionosphere. 

Experimental work in studying motion of the 
lower ionosphere has invariably produced evidence 
that the apparent velocities change with height, 
sometimes vcry abruptly. Briggs (1951) found ir
regularities to be lo calized in height, using a fre
quency sweep technique which produced an inter
ference pattern independent of ionospheric motion. 
By using a low frequ ency (150 kc) and supplementing 
the usual amplitude pattern with a phase height 
measurement, Jones, Millman, and Nertney (1953) 
reported that their fading was produced at heights 

121 

~ - - - - - . ----' 



of 74 to 77 km by day, and 83 to 100 km at night. 
Another report of 150-kc observations was by Banerji 
(1955), who found day heights for irregularities to 
be lower than at night (78 versus 87 km). Bowhill 
(1956) studied fading phenomena observed from 16 
to 2,400 kc, and suggested that a model containing 
small irregularities above the 70-km level and large 
ones below this level might explain the fact that 
a mixture of two different types of fading was ob
served. Later, Bowhill (1957) in a study of night
time reflection levels of 75- and 150-kc pulses, came 
to a similar conclusion, but decided that the more 
rapid fading was due to irregularities above 100 km. 
Parkinson (1956), dealing especially with the night
time 90-km echo, also found that it had two different 
characteristic fading frequencies, preseumably im
pressed upon the wave at two different levels. 
1. L. Jones (1958) reports that on two nearby fre
quencies, 2.0 and 2.5 Mc, the wind velocities were 
significantly different, perhaps because the fading 
was imposed by scattering near their different reflec
tion levels. Also, the directions of the winds ob
served at the two frequencies rotated diurnally, the 
rotation at the greater height (higher observing 
frequency) leading that of the lower height. The 
phase lead amounted to 7 or 8 degrees per kilometer 
of height, thus showing wind shear. 

(b) The movement of met(!)r trails. Again an 
appreciable body of literature has grown up in the 
past decade on meteor trail movements. Radar 
echoes from the trails of large meteors provide a 
powerful and d irect method of observing movements 
in the 80- to 110-km region. Both steady move
ments, varying in direction with height and time, 
and turbulence are observed. Typical results are 
given by Greenhow (1952 and 1954) and Greenhow 
and Neufeld (1955 and 1956) . They find that turbu
lent winds always occur between 80 and 100 km. 
There is a gradient of about 2.7 m /sec/km. but large 
irregularities in speed and direction are observed in 
a few minutes- occasionally amounting to complete 
reversals. Root mean sq nare values of turbulence 
of about 30 m/sec are almost always observed. In 
their second paper they find that the height gradient 
of prevailing velocity was uniform at 0.5 m/sec/km ht. 

A full statistical study of the accuracy of meteor 
wind measuremen ts has been made by Manning, 
Peterson, and Villard (1954), who find strong evi
dence of layered horizontal winds in the 80- to 
100-km region, with some superimposed irregular 
turbulent motion. Liller and Whipple (1954), photo
graphing the movement of meteor trails, support 
these results by finding circulatory or turbulent 
winds moving in opposite horizontal directions sep
arated by short vertical distances. Observed vertical 
wind shears averaging a greater maximum than 50 
m/see/km are not particularly concentrated at anv 
height. ~ 

The literat.ure contains many photographs and 
reports of long persistent meteor trails, showing in 
every case large amounts of r elative movement. An 
excellent example is afforded by the artificial sod ium 
trail created during a rocket flight (Edwards, Bed-

inger, and Manring, 1955). A photograph of the 
trail shows extensive shear distortion, and a complete 
reversal of wind direction was observed between the 
85 and 110 km levels. These observations constitute 
convincing evidence that the motions are indeed 
true winds in the lower ionosphere. Other evidence 
is the motion of noctilucent clouds and airglow cells 
(Ludlam, 1957, and Roach, et aI., 1958) discussed 
below. 

4 .2 . Theoretical Aspects of Turbulence 

The implications of the existence of turbulence 
and/or winds in the lower ionosphere have been I 
studied because of the large influence they have on I 
radio propagation. Herlofson (1951) pointed out 
that plasma resonances similar to those predicted 
for meteor trails could be expected for any small 
ionospheric irregularity. As a direct consequence, 
single-ray fading from this cause should be more 
important near the critical reflection level, and one ' 
should be able to identify a change of reflection level 
with a consequent change in fading characteristics 
by changing the probing frequency. As an exten
sion, partial reflections from irregularities would be 
expected to show rapidly varying fading character
istics near the plasma resonances of the irregulari
ties as the frequency is changed. (See the discussion 
of 1. L. Jones (1958) above.) Polarization of the \ 
reflected wave could perhaps be examined to detect 
elongated field-alined irregularities. 

In a paper by Maxwell (1954) turbulence in the 
F-region is primarily dealt with, but the author 
makes the statement Lhat "the E-region will in
variably be turbulent" with a microscale (small eddy , 
size) of 10 m . 

Gallet in two papers (1951 and 1955) develops a 
theory uRing the physical variables in a turbulent I 

region to explain some of the radio reflective proper
ties of the E-region, first as an explanation for the 
sporadic-E reflections, and then for some of the 
lower ionospheric phenomena. In a model region, 
vertical transport of eddies or "blobs" of air changes 
their pressure, density, and temperature. The con
trast in electron density presented by a blob against 
the background of its new location is a function of 
two sets of circumstances. First, how different its 
electron density was before it was moved with respect 
to the surrounding electron density of the new loca
tion, and secondly, how different a volume appears 
to be to the exploring radio wave clue only to the 
changes of pressure, density, and temperature with I 

height. The first situation is obviously of maximum 
effect ncar a sharp electron density gradient or, in 
the case of a single layer, above and below the maxi
mum. The second situation requires no gradient 
of the average electron density, and therefore re
quires no layer; and the position of maximum con
trast would be entirely a function of the locaLizations, 
if any, of the turbulence characteristics. In applica
tion, these two mechanisms could give maxima at 
different levels, recalling the question of the in t.erpre
tation of split echoes from the lower ionosphere. 
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The idea of t urbulence due to ionospheric wind 
mo tion has become a, very useful one in attempting 
explain many ionospheric phenomena that have 
been known, bu t seldom studied. Booker (1956) 
has listed many phenomena t hat he considers can 
be explained by turbulence in the ionosphere, in
cludinO' fadinO' of single rays, the distortion of meteor 
trails, D-region echoes and VHF forward scatter. 
Booker conj ectures that the latter two are caused 
by the same irregularities. (See Gregory (1957) and 
Bowles (1958).) 

As an example of an interesting application of the 
gradient mixing type of turbulence theory (see 
Gallet above), Wheelon (1957) has tried a model 
of the lower ionosphere which might explain the 
VHF forward scatter observations, particularly the 
diurnal variations, as described by Bailey, et a1. 
(1955) and Pineo (1956). The model starts with 
a very steep gradient of ionization at 70 km of 2,300 
electrons/cm3/kill to provide the observed daytime 
field streng th , and includes another rise between 75 
and 88 km to acco unt for the nighttime residual 
signal af ter the, 70-lun daytime component has 
decayed, 

The existence of winds and turb ul ence in the 
lower ionosphere may provide a co upling link be
tween that region and t he next lower region, As an 
example of the type of meteorological work which 
may event ually establish a link between the two, t he 
paper by Fleagle (1958) is of in terest. 

5. Survey of Meteor Height Results 

Extensive studies of meteors en tering the earth 's 
atmosp here have been made by visu al , p lLOtographic 
and radio echo methods, particularly in the last 
decade, This work gives information relevan t to 
the present inquiry in t he fields of meteor ionization 
height, and the influence of fine meteoric dust, 

Many papers report studies of the height of occur
ren('e of the ligh t and the ionization from meteor 
trails. The mean heigh t of maximum ionization of 
visual size meteors is close to 95 km (H ey and 
Stewart , 1947; Millman and McKinley, 1949). Anal
yses of both visual observations, given by Porter 
(1944), Prentice (1948). and others, for the beginning 
and end heights; and of radar echoes given by Evans 
(J 954) and others for the height of maximum ioniza
tion, show that these are clear functions of meteor
velocity, The h eight of maXlmum ionization for the 
smallest detectable meteors falls from 105 to 85 km 
as t he incident meteor velocity decreases from 60 to 
20 km/sec. 

The effect of initial meteor size on the heigh t of 
maximum ionization is mucn less marked than the 
velocity effect. Prentice, recording visual resul ts, 
find s that large meteOls extend over a greater heigh t 
range than small meteors, bu t Millman (1957), ob
serving radar echoes in Canada, finds no mean vari
ation in height between meteor magnitudes of -6 
and + 4, From this Millman concludes that the 
atmosphere is the controlling factor in determining 
t he heigh t of maximum ionization. This result 

agrees with the work of McKinley and Millman 
(1949) who , on the basis of a considerable body of 
radar echo observations, conclude that the 90- to 
100-km region has fine structure, or localized regions 
which prolong the existence of meteoric ionization a t 
specific heights, As a result of further analysis, 
Millman (1957) report the possible O('CUlTenC'e of 
peaks of ionization at 92, 98, and 106 km, 

H erlofson (1948), however, deduced theoretically 
that the atmospheric pr essure at the point of m axi
mum luminosity of a meteor is directly proportional 
to its pre-atmospheric radius, Since pressure is a 
simple function of h eight, this work implies that 
smaller meteors create their maximum ionization at 
a greater height, This conclusion is suppor ted theo
r etically by Kaiser (1953), who places the maximum 
ionization effect of sm all meteors at heights between 
130 and 115 lan, 

There is obviously a discrepancy between the 
smooth transition to greater heights wi th decreasing 
meteor size predicted theoretically, and the height 
independence of size, and the stratification , observed 
bv the Canadian workers , However, it can at least 
be concluded that practically all significan t meteoric 
ionization produced by large to near micrometeoric 
size par ticles, appears well above the mesopause 
heigh t of 82 km, and well clear of the ionospheric 
stratification observed by Gregory at still lower 
heigh ts, 

Micrometeorites have been shown by Whipple 
(1952) to be so small that they are capable of de
celeration to zero velo city by the drag of the earth 's 
atmosphere, without ablation occurring, Ablation 
wa necessary in H erlofson's model for the produc
tion of ionization, COl1sequen tly micrometeorites 
were disregarded as a so urce of ionization un til 
Dubin (1955) produced evidence that highly velocity
sensitive ionization could be produced without abla
tion. The number of such particles is great, and on 
extrapolation from the Herlofson and Kaiser theories 
such ionization, if produced, should occur at still 
greater heights than t hat produced by the smallest 
a bla ting meteors, (Dubin has assumed, without 
justification, that the micrometeorite effect occurs 
at the height of sporadic E.) 

On this basis Gregory h as assumed , along with 
others before him, such as D eb (1940) and Paton 
(1951), that meteoric dust residu es, and presumably 
also micrometeorites, would drif t do \·\,n to and con
centrate at the temperature inversion level at abou t 
82 km, There, the m echanism of pho to ionizat ion of 
dust particles by solar radiation, suggested by 
Eckersley in 1948, migh t give rise to further ioniza
tion during the daylight hours, 

The subj ect, however, :i!3 now fur ther complicated 
by t he recent analys is of Opik: (1958), who concl udes 
t hat m icrometeorites reach directly to, and have 
t heir maximum temperature in the region 70 to 
90 km, If Dubin's suggestion- by analogy with 
shock-tube experimen ts- that such neutral particles 
can indeed produce appreciable ionization by velocity 
alone, is accepted, then a new source of low-level 
ionization is apparent. Further experimental work 
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on the variation of the height of maximum meteor 
ionization with decreasing particle size is clearly 
required . 

E vans (1955) in the northern hemisphere, and 
Weiss (1955) in the southern hemisphere, find no 
seasonal effect in th e height of meteoric ionization. 

6 . Summary of Optical Results Giving 
Height Information 

Observations of scattering of the sun's rays by t he 
a tmosphere at twiligh t give evidence of discontinui ties 
in the lower ionosphere. E ven a t night th e sky is 
no t without light, but always has a faint glow. In 
the past 5 years th e heights of emission of var!ou s 
spectral lines in th e air'glow have been determmed 
with increasing cer tainty. On occasion noctilucent 
clouds arc also v isible at great heigh ts . These 
op tical phenomena have given , with great consistency, 
a heigh t of 82 to 85 km. 

6 .1. Noctilucent Clouds 

As early as 1934 Hoffmeister a ttemp ted to relate 
the occurrence of luminous bands in the night sky 
wi th ionospheric variat ions by assuming that both 
variations were due to sudden invasions of meteoric 
dust. 

Paton (1951) , r epor ting on true noctilucent 
clouds, considered t ha t t hey were usually blue, 
indicating very small particle size, but that some 
portions had been known to t urn white. This 
change was attribu ted to particle growth by con
densat ion of water vapor on meteoric dust. A very 
comprellCnsive survey of all available information 
on noctilucen t clouds was given by Ludlam in 1957. 
The spread in heigh t was between 79 and 90 km, 
with t he mean of 179 observations a t 82. 1 km. The 
particle size was in general too large to give a blue 
cloud by R ayleigh scat tering. The t emperature 
minimum at the inversion height, where the clouds 
are found , was considered to be too high to allow 
condensation of water vapor at the prevailing air 
pressure unless a very abnormal humidi ty condition 
was postulated. On ce again , therefore, t he material 
was consid ered to be dust . The specific heigh t is 
a ttribu ted to solid material falling from above 82 
km due to gravity, or rising from below the temper
a t,ure inversion due to reradiation of solar energy 
to the surrounding air, wi th consequen t upward 
movement of both air and particle. N octilucen t 
clouds have a considerabl e directed horizontal drift 
speed. 

6 .2 . Scattered Sunlight 

At dawn the sun progressively illumina tes lower 
regions of the ionosphere, or the converse a t dusk, 
while t he earth remains in darkness. Two tech
niques have been used to observe the ionosphere at 
these times. 

The fi rst, giving surprising results, was carried 
out by Khvostikov and Sevcenko as long ago as 
1936 in t be Ca ucas us. Basically, their assumption 

was that a strongly ionized gas would affect the 
polar ization of t he diffused light, and that at any 
given moment at dusk the grea ter par t of the diffused 
light proceeds from a relatively thin region. The 
polariza. t ion of the diffused ligh t from th e zenith 
was measured continuously, at 3,000 m a bove sea 
level, a nd discon tinuities in the degree of polariza
tion versus height obser ved . Due to unfavorable 
weather cond itions, only seven curves were ob tained , 
but these arc just enough to indicate tha t similar 
heigh ts were observed on different days. Five 
morning curves show heig hts of 95 and 135 km, and 
t wo evening curves indicate heigllts of 80, 11 5, and 
150 km. (These results were ob tained before the 
E -region was considered to be other than a single 
layer .) 

The higher morning valu es were a t tributed to 
nighttime recombina tion . The r es ults, admittedly, 
arc no more t han an indication of a method, but the 
techniqu e does no t appear to have been used since 
1936. The m ethod is qui te simple, and in a sui table 
locality may well be wor th furth er s tudy, par
ticularly as it can r eveal small maxima of electron 
concen tra tion above a larger maximum. 

The second technique, due to Bigg in 1956, in
volves direct twiligh t scattering. H e was able to 
show a small maximum in the scat tered ligh t at 81.1 
± 5 km, and assumes it is due to a meteoric dust layer . 

6 .3 . Airglow 

The nigh t sky radiates a weak continuum, together 
wi th a number of emission bands. In addition cer
t ain lines, especially of sodium, show a more promi
nen t emission at twilight. The airglow, excluding 
t he sodium and calcium twilight emission , will first 
be considered . 

Many early results on the heigh t of the ail'glow 
have been rendered obsolete by the work of Bates 
and Dalgarno (1953), who show that most mecha
nisms can only apply below 100 km ; together with a 
fuller recognit ion of the experimen tal difficulties in 
this work, and the necessity to elimina te all ligh t of 
astronomical origin . 

Most work has been don e on the green OI radiat ion 
of wavelength 5577 A, in the ail·glow. In 1955 , St. 
Amand, P et ti t, Roach, and Williams were able, by 
triangulation, to place the height at 80 to 199 km. 
In th e same year Roach and M einellisted the spread 
in heights of several ail'glow componen ts. Each of 
t he componen ts occupied a different height zone, and 
th e green OI line was found between 62 and 104 km. 
Elsasser and Sieden topf, in 1956, place the green OI 
line at 90 ± 10 km, and Roach, M cgill, R ees, and 
Marovich (1 958) at about 100 km , agreeing reason
ably with a rocket fligh t in 1956 (Berg et a1.) where 
the p eak luminosity was fo und at 90 to 95 lun, and 
ano ther fligh t in 1958 (Heppner and Meredith) where 
the r adiation was observed only between 90 and 118 
km, with a sharp lower boundary . Manring and 
Pettit (1956) find variations of the heigh t with nigh t 
and season, so that defini te heights- using the 
accep ted Van Rhyn method of reduction- are not 
possible at present. 
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Night aD vvas found by Roach and Meine} 
between 108 and 129 km. This fairly wide spread 
is to some extent reinforced by Heppner and Mere
dith's rocket flight, where N aD was found primarily 
between 85 and 110 km, wiLh a maximum at 93 , but 
wiLh a tail-off in distribution extending into the 130 
to 150 km region. 

In two papers Roach, Tandberg-Hansen, and 
M egill (1958 a , b ) have reemphasized that the nigbt 
airglow as seen by the green 01 radiation is not uni
form in i ts distribution, but is concentrated in cells 
or patches whose characteristic size is approximately 
2,500 km in horizontal extent. During the period 
October- December 1956 the cells seemed to move, 
usually from north to south with a mean speed of 
about 100 m/sec. The authors, in the second paper, 
have decided that the apparent motion is du e to 
actual transport of particles carried along by large
scale wind movements, and point ou t that the com
posite picture is generally s imilar to vortex cells in 
the troposphere. For a phenomenological description 
of the night au·glow, including hisLorical background, 
see Roach (1959). 

6.4. Sodium and Calcium at Twilight 

Hunten and hepIlerd (1954) find a m aximum. 
sodium density at 85 ± 3 km, with an exponenLial 
decrease above and below this height. Hunten, in 
the following year , s urveying two yoars' results on 
the height of maximum. density of the sodium, found 
that the height r emained co nstant within 1 or 2 km 
of 84.5 km, but that the intellsity varies seasonally, 
and concludcd from Lhis that there may be tra nsport 
of neutral sodium from. polar regions in winter. 
Finally the work of Chamberlain, Hunten , and Mack 
(1958) supports the v iew that twilight emission is a 
resonance scatteri ng effect, rather than a dissociation 
brought about by ulLravioJot ligh t. It is possible 
that the sodium travels up Lhrough the whole atmos
phere from sea level. A la tiLude effect also exis ts. 
Correlat ion of abundance changes with the passage 
of meteor streams may yet be observed, but until 
it is there is no necessity to invoke a meteor origin 
for the sodium. 

A. V. Jones (1956 and 1958), however, has observed 
with certainty twilight emission from ionized cal
cium, possibly correlating with meteor activity, par
ticularly during t he August P erseid shower. There 
is some evidence that the emission is concentrated in 
the 100- to 120-km rcgion. This height happens to 
agree with the value calculated by Kaiser for maxi
mum integrated meteor ionization, and the height of 
100 to 110 km for the maximum of the night glow 
continuum determined by a rocket observation 
(Heppner and Meredith). 

No author appears as yet to have given an explana
tion for the appreciably greater height of night 
sodium than the twilight sodium glow. As both 
sodium and calcium are constituents of meteors, 
iden tification of intensity variations in the night so
dium- or even possibly in the twilight glow at lower 

height- may yet be found to be a function of meteor 
activity, similar to the calcium activity. 

Heavy atomic ions, such as calcium, may also be 
introduced into the atmosphere following solar flares 
(Bailey 1957), and this could both complicate the 
variabili ty of the twilight glow, and provide a 
temporary source of extra ionizafon. 

7 . Photoemissive Processes 

fhe literature abounds with explanations of the 
production of free electrons by Lhe interacLion of 
selected solar radiations with specific upper atmos
phere constituents . .I.n conjunction with other theo
ries explaining various recombinaLion processes, Lhese 
lead to the desired equilibrium concentrations of free 
electrons at specific heights. The field of study is an 
extremely difficult one, requu'ing as it docs a com
bination of detailed knowledge of atomic processes, of 
the flux of incoming solar radiation, and of t he exact 
components a nd phy ical conditions in the upper 
atmosphere. 11any of these explanation have sub
sequently been disproved, and a new discovery,. such 
as the existcnce of appreciable quantities of solar 
X-radiation, entirely altered the position. In view 
of this prevailing uncertainty, only brief mention will 
be made here of some recent views of electron pro
duction and decay in the lower ionosphere. 

Chapman's t heoretical treatment (1931) of the 
ionizing effect of monochromatic radiations of know]) 
intensity on particular atom species in an idealized 
atmosphere is still basic to most Lheories. 

7.1. E-Region\ 

Ionization at a true height of about 130 km was 
for some years considered to be due Lo photoioniza
t ion of atomic oxygen by ultraviolet radiation 
(>-- > 910 A, Nicolet 1952) . By 1954, Bates regarded 
this process as accoun ting for Lhe E2 layer only, and 
reintroduced the photoionization of molecular oxygen 
as the main contributor to the El layer , at Lhe same 
time recognizing tha t X-rays could be of significance. 
New data for the absorption of rael ation in the 850 
to 1100 A band by O2 and N 2 led Watanabe, Marmo, 
and Pressman (1955) to conclude that Lyman (3 
could ionize O2 . Bates was thm supported, and the 
ultraviolet ionizat:on of O2 was not entirely rejected 
in favour of the newer X-ray theory of El origin. 
By 1956, however, Bate3 had concluded that X-rays 
of about 40 A were mainly responsible for the 
E-region, and tbe theories of ultraviolet ionization 
of atomic oxygen, together with the longer wave
length X-ray react· ons, were transferred to the Fl 
and F2 regions. 

7.2. D-Region 

A somewhat greater uniformity prevails in theories 
of the origin of the D-region . In 1945, Nicolet 
suggested that the causitive agent was the photo
ionization of nitric oxide, according to NO + hv 
(> 9.5e V) --c.NO++ e by Lyman a radiation (}.. 1216 A) 
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which is able to penetrate the atmosphere to a 
height of 70 km. 

A considerably increased value for the ionization 
cross section of NO, obtained by Watanabe, Marmo, 
and Inn (1953), reinforced Nicolet's original sugges
tion. Nicolet (1954) arrived at the specific conclu
sion that the Lyman a photoionization of a concen
trat'on of NO of up to 108 molecules/cm3 caused 
the j -region at a height of less than 80 km. 

A model of the D -region using this reaction was 
next proposed by Mitra (1954), with an assumed 
NO distribution, and a ma:Kimum NO concentration 
approaching 2 X 1012 molecules/cm3 at 85 to 95 km. 
A further assumption of a recombination model was 
necessary to give an electron distribution in agree
ment with that deduced from certain radio observa
tions. Direct rocket measurements (discussed by 
Bates, 1956) give a relative volume abundance of 
NO of <: 2 X 10- 4. If the tota \ atmospheric con
centration of all atom species is taken as 8 X 1013/cm3 

at 90 km, the NO concentration would be < 4 X 109/ 

cm. 3 The corresponding figures at 80 km are of 
the order 4.8 X 1014/cm3 and hence < 2.4 X 101o/cm3 

for NO. Thus the concentration proposed by 
Mitra is clearly greater than observed, but Nicolet's 
figures remain feasible. Rocket, observations (Fried
man and Chubb 1955) confirm the presence of 
Lyman a in the D -region, 'with solar X -rays con
tributing to the upper part. 

Finally, Nicolet (1954) has introduced atmospheric 
motions, causing fluctuations in NO concentration, 
to account for the variations in the D -region ioniza
tion 

7.3. Sudden Ionospheric Disturbances 

Various radio methods have long shown with 
clarity a sudden increase in ionization at very low 
heights, down to 64 km, during a solar flare. As an 
example, Gregory (1958 b) presented an analysis of 
the effect of SID's on 1.75 mc reflections. In 7 
cases out of 18 all echoes vanished during the dis
turbance; in 11 cases one height only (56 to 65 km) 
remained, and in 9 of these 11 this remaining height 
had not been present prior to the disturbance. He 
concludes that the occasional disappearance of all 
echoes indicates that absorption without reflection 
has been produced below 56 km. 

It remained for rocket flights to confirm the 
increase in Lyman a and X-rays during such times 
as postulated by Bates and Massey (1951) and 
Piddington (1951). nhanced Lyman a intensity 
and X-radiation", 2 A have now been observed 
down to the 60 to 70 km region in a typical flare 
(Friedman and Chubb, 1955; Chubb et al. 1957). 
These observations lend support to the importance 
of both Lyman a and X-rays as normal ionizing 
agents in the lower ionosphere. 

7.4. Recombination 

The equilibrium electron concentration is also 
a function of the recombination rate. In this field 
theories do not as yet provide conclusive explana-

tions. Direct (radiative) recombination, expressed 
in the simple equation (dN/ (dt)=q-aN2 where N 
is the electron concentration, and q and a the ef
fective rates of electron production and recombina
tion respectively, does not agree with the observed 
rates of electron density change. The exponent 2, 
commonly used, is open to question (Rawer, 1956) . 
Negative ions may play an important part below 
80 km (Mitra and Jones, 1954), and much patient 
unraveling will be required to give a picture con
sistent with observed electron concentration values 
in the lower ionosphere. 

8 . Discussion of Survey Papers Dealing 
With the Lower Ionosphere 3 

1. Bracewell et al. (1951 ), The Ionospheric Propa
gation of Low and Very Low Frequency Radio Waves 
Over Distances Less than 1,000 km. This paper 
contains 54 references. Observed reflection heights 
are tabulated. One paragraph (5 .2) discusses the 
evidence for multiple strata observed at 70 and 113 kc 

2. Mitra (1951), The D Layer of the Ionosphere. 
In part I the author gives a resume of the present 
state of knowledge concerning the D -layer, and in 
Part II speculates on the origin and structure of 
the region. 

3. Kitchen, Pressey, and Tremellen (1953), A 
Review of Present Knowledge of the Ionospheric 
Propagation of Very Low, Low, and Medium Fre
quency Waves. Some sferics work is included, and 
recommendations are made for further detailed 
research. 

4 . Briggs and Spencer (1954), Horizontal Move
ments in the Ionosphere. A survey of results ob
tained by radio methods. The authors decide that 
there are both irregular and systematic (diurnal and 
seasonal) horizontal movements at all ionospheric 
levels, and that there is a tendency for velocity to 
increase with height. Also, the velocities increase 
with magnetic disturbance, especially at the higher 
heights. The paper ends with a summary of non
radio methods. 

5. Weekes (1954), The Physical State of the 
Upper Atmosphere. The author starts with a gen
eral discussion of the problems and then discusses the 
following specific fields: 

Composition, temperature and pressure of the 
atmosphere at different levels, results of rocket 
measurement of those quantities, measurements of 
wind and turbulence, and transport of ionization 
il~ the upper atmosphere. Many references are 
given. 

6. Waynick (1955), The Lowest Ionosphere. The 
main properties of the region are surveyed, with the 
conclusion that most of the experimental evidence 
is in favor of at least one D-layer below E -region, 
with possible additional stratification of one form 
or another. A collection of curves from different 
sources is given showing the variation of recombina
tion coefficient with height. 

3 Material in the following papers has been included, where applicable, in the 
general text. 
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7. Murgatroyd (1957), Winds and Temperatures 
between 20 km a nd 100 km- a Review. The 
author states tha t the measurement of winds is 
a more r eliable way of calculating temperatures in 

I the upper atmosphere than v ice versa . H e proposes 
a standard atmo phere to 100 km based almost 
entirely on wind measurements, which is applicable 

l between 30° and 60° latitudes. Before much 
progres in the study of turbulence can be made, a 
knowledge of the wind structure in considerably 

I greater detail is necessary. In addition, measure
ment of atmospheric composition , including ozone 

I and water vapor at all possible levels, is necessary 
to allow studies of the radiation of heat energy. 

9 . Tables of Observed Heights 

In an endeavor to determine whether any pattern 
of heigh ts exists, all the relevant experimental results 
so far discussed have been collected in tables 1 and 
2, with the exception of lowered heights recorded 
during solar flares. 

The results given in table 2 reveal two fads. 
First, while a defini te beight may be obtained for a 
specific process, di 'ffer ent classes of phenomena show 
their maxima at differen t heigh ts. Secondly, some 
weak grouping of events in height ranges may be 
discerned. During the daytime three, 01' po sibly 
four heigh t groups contain the major proportion of 
the resul ts. These arc the bcl ts 67 to 75 , 80 to 90, 
95 to 97, and possibly 110 to 113 km. At nigh t only 
the two cen ter groups remain , namely 80 to 87, and 
a somewhat wider 92 to 9 . 

The only nighLLime resul ts below 80 km are 
Rivault' s sfel'ics obser vations, giving a mean heigh t 
of 75 km ; and frequent ver tical pulse echoes in 
winter down to 75 km obta in ed by Gregory. Rivault 
reports a lowering to 70 km during magnetic storms, 
and i t may well be that Gregory' low heigh t nigh t 
results, including especially one obsel'\TaLion at 67 
km, arc due to a similar cause. 

10. Characteristics of an Acceptable Model 
of the Lower Ionosphere 

As an outcome of the experimental data assembled 
above, it becomes possible to specify with reasonable 
certainty a number of conditions whi ch must be met 
by any model purporting to explain the lower 
ionos ph eric radio observation s. These character
istics are as follows: 

(a) Probably the most co nsistent feature is Lbe 
presence, nigh t and day, of a reflection height of 
about 85 km at temperate latiLudes. This heighL is 
roughly the SRme for all ve rtical in cidenee measure
ments from very low, t hrough medium, to very higlt 
freq uencies. Th e heigh t appears to be associated 
with the temperature minimum (mesopause), and is 
t he same heigh t at which shal'p maxima arc found for 
the twilight N aD radiation , t he occurrence of nocti
lucent clouds, and the twilight sca ttering of sunligh t 
from dust. 

(b) Notwi thstanding (a), the effective reflection 
height calculated from oblique in cidence results 
appears to fall considerably wi th increa ing range 
at very low to medium freq uencies. 

(c) R eflections at vertical incidence for medium 
freq !lencies and above are usually weak and hardly 
ever blanketing. 

(d) On a sweep-frequency r ecord, retardation 
cusps are not apparent on progressing from one 
reflection level to the next one above. 

(e) Reflections from the region should not bo 
polfLrized according to either magnetoionic com
ponent alone, but should have polarization C01'

sponding to a mi.;x:ture of the two . 
U) Several reflection heights usually occur simul

taneously . 
(g) The individual heights below the 85-km r egion 

can r emain constan t for periods of many hours, but 
may be different on different days. Observation of 
t he lowest heights in the region requi.res a very large 
system sensitivi ty. 

(h) H eights below 80 km arc usually observed in 
th e daytime only, and most often in the win ter. 
vVi nLer clays of unu ually low recorded heighLs occur 
in groups of several consec ut ive days . 

(i) All reflectio ns exhibit fading. The fad in g r ate 
should also increase with increas ing magnetic dis
t urba nce. 

(i) During some SID 's a new r eflection height, 
lower t han those previously seen, should be ob
served at medium frequen cies, together wiLh a 
weakenin g 01' complete d isappearance of the signals 
from greater heights . 

11 . Model A 

The obse rvations showing Lh e te ndency for wind 
shears to exist in t he lower ionosp here suggest that 
the discrete heigh ts observed by radio refl ection 
may be explained en t iTely by scatter from the t urbu
lence t hus produced . As discussed by Gall et (1951 
a nd 1955) and Wh eelon (957) , turbu lent reg ions 
may become visible to radio wav es wh ell a gmd ient 
of ambient ionization is also pre en t. Th erefore 
the following model is proposed : 

(a) The air is especially turbulen t at cer tain alt i
tudes. The altitudes are not specified , bu t t here 
must be several and they must have t he diurnal and 
seasonal variations compatible with t he experi
mental evidence. 

(b) A rather simple profile of ambicnt electron 
densi ty versus altitude is assumed to occupy the 
whole r egion, having diurnal and seasonal variations 
due to radiation from t he sun , a nd also showing 
occasional distort.ion du e to solar eruptions. A 
possible arrangemen t is shown diagrammatically in 
figure l. 

T he shaded areas arc in tended to represen t the 
height, thich:uess, and (by their length) in tensity 
of the turbnlen t regions. The regions will be most 
readily " visible" in the radio sense when there is a 
sufficient gradient of the ambient electron density
as given by the slope of the profiles- :n these regions. 
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T A BLE 1. Observed heights 

M eth od Authors 

Yer t. pulse IH' ___ _______________ Appleton and Pidd ington __ _ 

Yert. pulse HF sweep ____________ Ap pleto n, Naismit h a nd In-
gram. 

Vert. pulse 100 kc ________________ H elliweIL ________ _ 
Vert. pul se 100, 325 ke ____________ H elliwell, J\[all ink rodt a nd 

Kruse. 
Vert. pulse 100,310,2,400 ke ______ H elli weIL _________________ _ 
Vert. pulse 150 ke ________________ Lind quisL _________________ _ 
Vert. pulse L F swecp ___________ \ Vatts and DrowfL . ________ _ 
Yert. and obl iq ue pulw MJi' _____ Naismit h a nd B ramley _____ _ 

Oblique pulse 300 ke _____________ W atts __ ____________________ _ 
Vert. pul~e inter-action 2,500 kc. _ FejcL ______________________ _ 
Yert. pulse 1.4-4.0 ~ rc ___________ Die:n inger. ________________ _ 

Yert. pulse 1.0, 1.4 ).lc. __________ Gnanali ngam and \ Vee!;;:e3 __ _ 

Ver t. pulse 2.3 '~r c _______________ Gard ner and P awsey ___ ____ _ 
Vert. pulse 1.8l\[c _______________ Gregory ___ _________________ _ 

Yert . pulse 1.8 :lIc _______________ G regory __ ____ ___ ________ ___ _ 

Yert. pu l ~c 2.3 i\Ic _______________ Gre6ory __ ____ __ ____________ _ 

C W oblique ' · LF ________________ W eekes ____________________ _ 
Do ___ . _____________ . _______ Bain and BraceweIL _______ _ 
D o __________________________ Budden ____________________ _ 
D o _____________ ____ ______ ___ _ W aiL __________ ___ _________ _ 

Sferics _ _ __ _ _ _ __ __ _ _ _ _ _____ ___ ____ lUvaul t. _______ ____________ _ 

Do ____ __________________ __ ___ Caton and Pierce ____ ______ _ 
Do ____ ______________________ Hep burn and Pierce __ __ ___ _ 

Oblique pulse VHF ______________ Forsyth l Currie and VawteL 
Do . __________________________ i\l(cKJllley and l\1illman ____ _ 

Oblique CW and som e pulse Ba iley, B ate ", a n and Kirby_ 
VHF. 

Oblique pulse ' ·I-IF ______________ Pine1 __ ___ _________________ _ 
Vert. pulse 41l\lc ________________ Bowles _____________________ _ 

Rockct transmittcL _____________ I ,ien ct 301. __________________ _ 
Do ____ _______________________ Seddon , Pickar and Jackson_ 
D o ___________________________ Jackson and Scddoll ____ ____ _ 
D o ____ _______________________ Pfister and Ulwiek . ________ _ 
D o____ _ _ _ _ ___ _ _ _ __ _ __ ____ __ _ _ Seddon _____________________ _ 

R adar meteor cchoes _____________ Hey and Stcwart ___________ _ 
D o ____ ____ ___ ________________ ~'1illm au and l\IeKinley ____ _ 

D o ___ __ ______________________ M cKinley an d Mi llman ____ _ 

D o ____ _______________________ Millm an __ _____ ________ ____ _ 

:\Toctiluce!'t clouds __ ___ ___ _ ___ ___ Ludlam ___________ _____ ____ _ 

Polarizat ion of d iffused light. ____ Khvostiko v aud Sevcenko __ _ 

Scattered ligh t.. ___ _ ___ __ _ _______ Bigg __ __ ___________________ _ 

or a irglow (5577 A) _____________ _ St. Am a nd et al.. __________ _ 
D o ____ ______________ ________ _ R oach a ud MeineL ________ _ 
Do __ ___ _______ ___ ____ _______ _ 
D o ____ ______________________ _ 
D o ____ ______________________ _ 
D o __ ________________________ _ 

Elsas~er and SiedentopL ___ _ 
Berg et aL ___ ______________ _ 
H eppner and M ered it h ____ _ 
Roach et al.. _______________ _ 

Kight continuum ________________ H eppner a nd M eredith ___ _ _ 

NaD twilight ____________________ Hun teu a nd Sh epherd. _____ _ 

D o ____ _______________________ Huuten __ _______ ______ ___ ___ _ 

Call tw il igh t. ________ ._ __ ________ Jone3.o _____________________ _ 

NaD ____ __ _______________________ Roach a nd lVl"einel. ________ _ 
D o _________________________ H eppner a nd M ered it h ____ _ 

Year D ay 

I(m 
Broad peak at 110, nothing 

below 80. 
Partial at 90- 100 __________ _ 

.'\ight Comm Cllts 

I(m 

Un related to E s. 

1938 

1939 

1949 
1951 

84- 106 _______________________ Compli cated spli t ech oes. 
95-130_ _____ ________________ D o. 

1952 
1953 
19M 
1951 

1952 
1955 
1952 

1952 

1953 
1956 

_____________________________ 93, 100, 106, 112 _____________ _ 
85 ___________________________ 95_ _ _____________________ _ 
L avers cetll"een 70 a nd 100 ___ 90- 100 ___ . ______________ _ 
70- 75 e1. uiv. \'crt. common _____ _ __________________ _ 

at long rangc. 
~70 _________________________ 580 ________________________ _ 
72. 78 ___ ________________________________________________ _ 
75-90 (winter) ____________ --- 95 _________________________ _ 

90, 96, 11 2 (winter) __ ___ __________________________________ _ 
102- 105 (sn mmer) 
70-90 and E. ________________ _____________________________ _ 
53, 67, 75 freq uentl y, 85, 95 85 __________________________ _ 

usuall y. 

1958 ___________ ________ __ ____ ____ _ Somet imes ohserved down 
to 75. 

1959 62-90,90 continuonsly ________________ __ __________________ _ 

D av or nigh t not speCifi ed. 
850ccasiona lly, 106, 120- 130. 

~ Io re low lcvel echoes i n 
w inier. 

75-SO on winter days of high 
a bsorption . 

Lowest heigh t 55. 
Lo\\-est h e igh t 53. L o w 

heig hts morc common in 
w intcr. 85 always present. 

1950 67, 75 ___ ___________________________________________________ Short range. 
1952 70 ________________________________________________________ _ 
1953 69. L _____ __ ______________________________ _______________ _ 
1957 70 __________________ ____ __________________________________ _ 

1950 75 mcan _____________________ 70 Or lower during magnetiC 
s torm s. 

1952 __ _ ____ _ _________ _ _ ________ __ _ 86 ____ ______________________ _ 
1953 65 ____________________ -_ -- --- 90 ________ ___________ _______ _ 

1953 __ _ __________ ____ ___ _____ __ ___ 85 ____________ • _____________ _ 
1953 ~80 _________________________ ~80 ________________________ _ 
1955 75-80 _______ ______________ ___ 85- 90 ________________________ Lowe3t d ay height 59 , and 

1956 70-73, 89____ ___ __ _____ __ _ _ __ _ 86 __________________________ _ 
1958 ~S5 __________________ - ____ - - _______________ __ ________ - ___ _ 

1953 97, Ill , 122 _____________________________________ • __ _______ _ 
1954 101 , 113, 128 ______________________________________________ _ 

Eeveral strata sin~ ult.an e
ous}y. 

1958 101 __________________________ ______________________________ =Es. 
1958 106, 111 , 11 7, 128 ____ ______________________________________ _ 
1958 86.5 ___________ . __________________________________________ _ 

1947 
1949 

1949 

1957 

1957 

95 !TI ean ____________________ _ 
95 mean ____________________ _ 

90- 100 fine structure ___ __ ___ _ 

92, 9S, 106 __________________ _ 

79-90, peak at 82.1. ___ __ ___ _ _ 

1936 9.5, 135 at dawn , 80, 115, 150 __________________________ ___ _ 
at dusk . 

1956 81.1 ±5 _____ __ ____________ __________________________ __ ___ _ 

1955 
1955 
1956 
1956 
1958 
1958 

1958 

SO-JOO __ __ __________________ _ 
62- J04 ______________________ _ 
90 ± 1O _____________________ _ 
Feak intenSity at 90-95 _____ _ 
90-118 ______________________ _ 
~ I OO ______________________ _ 

100- 11 0 ____________________ _ 

D ay and night not u~ lla \l y 
d istinguished. l\1ajori ty of 
results night·ob,erved . 

Sh arp lower boundary . 

1954 85 ±3 peak ___ ______ _____ ___ _______________________________ E x p o n e n tial decrease O il 

either s id e of pe:tk. 
1955 84.5 ____________________ _____________________ _____________ _ 

1956 100- 120 _________ ____ ___________________ ___ __ ______________ _ 

1955 __ ___ __ ______ __ __ __ ___ __ ___ ___ 108-129 _____________________ _ 
1958 ______________________ __ ______ 8iH I0, peak at 93 __________ T ails ofT to I SO. 
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TARL I': 2. Grouping of heights 

Less 
Definite definite 
result result 

S peci nc height __ ___ ____ _ ___ _ _____________________ . _ .. 0 
M ean of hei~his spread over <5 klll ___________________ _________ f;l 0 
Meall of heights spread over >5 klll ___________________ ___ __________ -_ -X 

(No accoun t has cecil taken of latit.udo or ~casona l variations.) 

km 

130 

125 

120 

lOS 

100 

o 

• 

I·· 
• 

• 
•• 

DAY 

I 

-- X-' 

• 

• 

NIGHT 

x 

o 
x 

o 
I ___ ~ . --------------., i-------D----------1 

9 5 lx-~. ~----o---- L ---..; i .xX. ..x : 
I L_I!. ______ o _____ .o_~ __ J 

90 , ••• ---------r--~ • XX 

: I I · ! ,-----"-------------.., 
I . I I • II I 

'X I I • X I 
65 :1I 0 . j •• • I I . • I :: ;~-_-~~~:~- ~t~-: J l~---,------: -----J 

" !c"' 1"1 I I • 
65 ' . --- ------1-:--;--

ill ~ w ,. 
:J: ,. V> :J: 

2 <!l :J: ...J > <Il :::; > ::> ,. a. 0 
...J 

W 
w 6 w > 

<Il w 
~!r " ",. 0: " G ...J 

.... ~ w G 0: U Qr <t ~ 
:::; ,. .... :::; iii ,.- ID 0 al -

~ 
c ~ r CD 0 W 

~ o~ U <!l 0 0 ::;: .... z u ,. 
<Il :::; 0 w w 

~ ~~ 0 ~ 0 

1

0 
-

z ::;: u 
~ w N ...J Vl il z ,. <t :J Vl 
W " a: <t ~ U <t ...J 

0: ...J U 
>-' " Q <t U a: >-' >-' >-' Cl >= a: 
0: u ...J 

~ 
>= 0 W 0: 1=1 a: a:: u w 0 

w 0 CD Q. 0 
,. w 0 w W <t 0 ,. H 0 

> a:: 0 0 z Vl > U > > 0:: Z Vl 0 Z 

The gradient must be dynamically stable, or the 
turbulence will , in time, destroy it_ 

Three electron density profiles, A . B, and C, are 
shown_ Using A, the results of a normal day might 
be expected- r eflections from several levels, of 
increasing gradient, and hence of increasing echo 
strength, with h eigh t. Profile B con ta ins no elec
trons at the lower levels, corresponding to the dis
appearance of the lowest echoes at night. Profile 
C has a bulge below 80 km and might correspond to 
conditions during an SID, when the lowest reflection 
levels are enhanced and the other reflections weak
ened by increased absorption and the changes in 
slope along the profile_ 
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FIGURE; L lv/odel oj 10weT ionospheTe showing stmta oJ IltTbll 
lence in Telalion 10 amb ient electron den sity pToJiles. 

Arrows ind icate regions of maximum turbulence . 

It is suggested Lhat this model is capable of fitt ing 
the experimenLal facts, at least qualitatively, as 
follows : 

(a) Re£lecLion heights at vertical incidence will 
be the same at all frequencies above the critical 
frequen cy for the ambient electron density at the 
reflection leveL This is due entirely to the localiza
tio n of t he turbul ent regions 

(b) The lowest observable reflection height as 
determined by (a) will vary with the angle of inci
dence, since the lowest regions present more oblique 
aspects to the wave_ Thus with increasing one-hop 
distances lower height echoes win gradual y appear. 

(c) At vcrLical incidence reflecLion will be partial 
at frequencies above the critical frequency for the 
reflection leveL Plasma resonances due to the 
irregulari ties (see B erlofso n 1951) may be observed 
neal' the cri tical frequency. 

(d) On a sweep frequency exploraLion , Lhe levels 
will be pen etrated without reLardalion, provided 
penetration occurs well above the cri Lical frequency 
of the reflection leveL 

(e) The reflected wave will not be f pli t inLo ordi
nary and extraordinary components because of the 
absence of selective retardation (see (d) above). 

(j) All reflection will fade, showing little or no 
specular component_ The rate of fading will be a 
function of the meteorology of the region of re
flection . 

(g) Lowest heights are a function of both the 
turbulence and the ambient electron profiles. Be
cause of this dual characLer, er ho levels and in tensi
ties may vary from day to day_ 

This model can Lhus explain the radio observa
tions of reflection heights at discrete levels without 
requiring extremely sharp gradients of the average 
electron density_ It does not preelude the appear
ance of discrete reflections from real strata of ioni
zation_ 
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12. Model B 

An alternative model might be constructed on the 
assumption of mul tiple Chapman processes. . In 
this connection a model of the D- and E-reglOns 
calculated by Houston (1958), after a quantitative 
reappraisal of the ionizing radiations and the atmos
pheric constituents involved , is of interest. The 
only significant cause of the D-region was found to 
be the action of Lyman a radia tion on NO, and it 
is probably coincidental that the computed ioniza
tion maximum at solar zenith was 83 km, in agree
ment with other mesopause phenomena. 

Solar energies, particularly in the 100- to 1.oQO.-A 
region, are stilllal'gely unknown ~md the posslblhty 
of significan t new processes bemg found cannot 
yet be ruled out. An attemp t to include this portion 
of the spectrum has been made by Kallman (1957), 
who deduces therefrom a total distribution curve 
commencing at 88 km and rising smoothly to 105 
km. Again, as is shown by the night 01 airglow 
radiation, processes not directly involving ioniza
tion occur at fairly specific heights. Such processes 
may play an indirect part in daytime ionization 
control. Further, the resultant distribution even 
for a single layer may be far from a Chapman type 
due to variations in absorption of the band of wave
lengths producing a particular photochemical re
action. Recent rocket studies, however, have led 
to a clarification of processes, and new discoveries 
are becoming less likely, especially at low heights. 
No model as yet shows any sign of multiple strata 
below 89 km. 

A st.rong argument in favor of a photoemissive 
origin of such layers is the production of ionization 
at 64 km during a solar flare. Increased X-radiation 
causes this effect, so a small er amount of radiation 
at this or slightly higher heigh ts, while producing a 
smaller effect, should still be detectable with high 
system sensitivities. Even model A requires that 
the SID effect be of photoemissive origin. 

Again, any layer under solar control should exhibit 
a considerable height change during the day due to 
j ex) in the Chapman equation, where X is the solar 
zenith distance. This is clearly shown in Houston's 
model. where the h eight of the maximum D-ioniza
t ion rIses from 83 to 100 km as X changes from 
vertical t,o horizontal incidence. Diurnal height 
chann-es have been found at 16 kc (Straker, 1955), 
and the height of the lowest partial echo at MF 
shows a similar change (Gardner and Pawsey). It 
is possible that diurnal variations in the height of a 
single low stratum have not yet been closely 100k0d 
for, but one point is quite clear. The electron con
centrations, of the order of 1,000jcm3 or less, are far 
below the critical density required for classical MF 
or higher frequency reflections, and the phenomenon 
at those frequencies must be some form of scattering 
process. 

Very sharp electron gradients can cause MF re
flections, but the gradient values required are un
likely to be produced by solar effects alone. rr:he 
simultaneous occurrence of several low strata, whICh 

have recently been observed in Germany, Australia, 
United States, New Zealand , and Antarctica, are 
surprisingly constant in height with time if t he visual 
meteor trail turbulence observations of Liller and 
Whippl e are accepted. The opposite case for strat.i
fied turbulence, however, appears from var ious radio 
echo experiments (sec. 4.1 (a)). Consequently no firm 
conclusion can as yet be r eached on the significance of 
photoemissive processes in the very low ionosphere. 

13. Conclusions and Recommendations for 
Further Work 

The authors conclude that the lower ionosphere 
exhibi ts the property of stratification as evidenced 
by all t he available experimental resul ts at medium 
and higher radiofrequencies. The fact t,hat the 
properties of the region affecting low and very low 
frequencies may be explained by simpler structures 
does not appear to preclude a more complex struc
ture, since the summation effects of long radio wave
lengths would be expected to conceal details having 
physical dimensions much smaller than one wave
length. It is suggested, however, that rather subtle 
anomalies of lon g wave p ropagation may exist which 
will require more detailed knowledge of the fine 
structure of the region for their interpretation. In 
this respect, observations at a single low frequency 
have probably reached the stage of diminishing re
turns, and finer probing, such as is given by high 
power narrow pulsed HF systems will be necessary 
to reveal further details. 

Evidence is strong for the accumulation of dust, 
and of sodium and probably calcium atoms at the 
temperature minimnm at abo ut 85 km in temperate 
lati tudes. This accumulat ion mayor may not be 
the cause of either an ionization maximum or a steep 
gradient at this height, but at least a partial reflec
t ion at MF is always obtained, provided the sensi
tivity is high enough. B eyond this fact it can only 
be said that strata exist over the region 54 to 130 
km, without any obvious constancy of height or of 
height separation . There is no series of preferred 
heights. 

Any further physical explanation of the fine struc
ture can only be guessed at in the absence of exten
sive knowledge of its characteristics. It seems 
evident, out of all the material consulted, that only 
two or three experiments have given unambiguous 
information on the basic ionospheric quantities in 
the region. Acceptfmce of the evidence for stratifi
cation automatically casts doubt upon the meaning 
of the radio height results. The results from most 
pulse-type radio probing techniques in th is region 
may be explained by any or all of the following: 
electron concen tration maxima, electron gradients, 
or zones of turbulence. 

Direct probing by rockets is one method which 
does provide the required electron profiles. If pos
sible, it would be highly desirable to carry out a 
series of electron profile observations capable of 
recording the weak electron concentrations in t he 
lower ionosphere, at a fixed site. If this is not 
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possible, rockeLs could at least be used in coni unction 
with other cheaper experiments in an attempt to 
check t he aCCUl'acy of t lw other methods, as has been 
don e wiLh satisfactory res ults for the upper iono
sphere j n co nj u ncLiOI1 wi Lh ordinary ionosondes. 

Two nontocket radio probing methods are reason
ably un ambiguou . One, due to Fejer (J 955), meas
ures wave interaction in the ionosphere, but r equires 
large radiaLed power. The other, by Gardner and 
Pawsey (1955) has the very interesting feature that, 
ins tead of the results being uncertain because of the 
presence of fine structure, the method actually re
quires and uses partial reflections from the region to 
deduce the electron density at various heights. To 
lend emphasis to this method, which has not been 
fully exploited in lower ionosphere studies, a brief 
descrip tion follows . 

Gardner and Pawsey found that the polarization 
of echo es returned from the D-region was elliptical, 
but with the sense of rotation of an extrordinary 
wave. This was compatible with partial reflection 
from "under-dense" clouds of ionization for a fre
quency above the ~yrofrequ ency. Upon examining 
the magnetoionic formula for the refractive index 
they found that, to a good approximation, the ratio 
of ordinary to extraordinary polarization of the 
par tial reflection coefficien t was almost solely a fun c
t ion of the collision frequency at the reflecting region. 
The differen tial absorp tion between the t wo com
ponents of the wave from a refl ecting region was 
almost solely a funct ion of the electron density at 
each elemen t of the path below the region for a :fixed 
collision frequ ency. Therefore, by assuming a rea
sonable variation of collision frequency with heigh t, 
the effect of the partial reflection at the discon tinui ty 
could be removed from the resul tant received w"ave, 
and a curve of differen tial ab orption against height 
could be plotted by measUl'ing the polarization of the 
received wave from all heights which returned usable 
echoes. The slope of that curve, together with the 
value of collision frequency at each point, provided 
a measure of electron density at the various heights. 

An assumption of the values of collision frequency 
was necessary, as mentioned above, but Gardner and 
Pawsey were also able to measure it near the bottom 
of the reflecting region by assuming no absorption 
had affected the shortest range echoes. The polari
zation measurem ent then represented only the ratio 
of the partial reflection coefficients which, as noted 
above, resulted in a determination of the collision 
frequency at that level. An extrapolation of this 
collision frequency to greater heights was done by 
assuming an arbitrary law of its variation. 

Specific Recommendations for Future Radio Experi
ments 

1. Confirmation of the aCCuracy of the Gardner and 
Pa,vsey polarization method is desirable before it is 
given extended lIse. This confirmation could be 
achieved by a Gardner and Pawsey experiment com
bined with simultaneous rocket elec tron profIle m eas
urements. It is very necessary to dE'termine whether 

or not all concentration "blobs" of electrons are of 
less than critical density, particularly as Gregory at 
times obtains a high reflection coeffi cient which might 
indicate an over-dense condition. Such a co ndition 
would affect the polarization and invalidate the 
method . An alternate method of checking would be 
to duplicate the Gardner and Paw ey method at two 
reasonably elose frequencies both a little aboye Lhe 
gyrofrequency. If the same profile is obtainecl at the 
two frequencies, then the electron densiLy of Lhe 
scattering blobs must be considerably below the 
critical density. 

2. A single MF vertical pulse eq uipment should be 
run continuously- without any inser ted attenua
tion- through the dawn, daytime and dusk period 
to look for any systematic height change associated 
with a specifi c stratum. This should give evidence 
bearing on the photoemissive origin or othenvise of 
the reflective region. 

3_ The synoptic behavior of all the lower strata 
is v irtually an unexplored fi eld. Since VHF forward 
scatter communication has been shown to be directly 
related to these strata , seasonal and geographic 
studies are necessary to allow the optimum design 
of forward scaLter aerials. 

4. The resolution of the height and widt h of strata 
by vertical pulse techniques is dependent on the 
aerial beam width. It would be desirable either 
to alter a beam width, or to use two experiments 
together- say 2 and 40 Mc- wi t h considerably differ
en t bea m wid ths, to determine the extent of range 
spread in t roduced by off-vertical directions. Once 
this had been determined, experimen ts co uld then 
be designed to examine particular heights for hori
zontal motion at low heights, and to investigate the 
relationship between turbulence and height. 

5. Furt her studies are required of the apparent 
lowering of strata heigh ts during magnetically dis
turbed periods. Again rocket flights at such a 
period , together wit h quiet period con trol flights, 
should reinforce the vertical pulse techniques in 
determining the electron profiles at such time . • 

6. It would appear that t he 95-km lower E-Iedge 
is created by the action of Lyman {3 radiation on 
O2 (Houston 1958), and the 83-km region is attributed 
to Lyman cx. 1£ it is assumed that the intensities 
of both solar radiations change together , then some 
parallelism should be evident in the behavior of the 
two regions. Parallelism of behavior of any lower 
region with the 95-km daytime region would be 
evidence favoring a photoemissive origin of the 
lower region. 
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