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CHAPTER I 

INTRODUCTION 

This paper is a summary of the experimental results obtained from 

a study of the lower ionosphere. The study consisted of two parts: 

(1) a continuous monitoring at Lubbock, Texas, of an HF radio signal 

from a distant transmitter (WWV, Ft., Collins, Colorado), (2) ionospheric 

electron-density measurements at the Arecibo Observatory, Arecibo, 

Puerto Rico. 

From the monitoring of WWV, plots of field strength, and hence 

ionospheric absorption, were obtained for local noon, 1800 GMT, and 

the "winter absorption anomaly" was successfully detected. Along with 

the daily absorption values, temperature and wind velocities for the 

stratosphere were obtained from White Sands Missile Range meteorological-

rocket data; and a correlation was observed between days of high absorp

tion and pertiirbations in the stratospheric flow. 

Actually, ionospheric absorption measurements can be carried out 

by various techniques such as: (1) transmitting a pulsed r.f. signal and 

then recording the signal received after reflection, (2) monitoring some 

convenient r.f. signal, i.e., a distant cw transmitter of suitable fre

quency, (3) monitoring the level of cosmic noise at a frequency of about 

30 MHz. In our study, a continuous r.f. source, WWV, at Ft. Collins, 

Colorado, was monitored at a frequency of 5 MHz. This method, called 

A3, is a very suitable means of obtaining ionospheric aLsorption for the 

D and E regions for the Ft. Collins, Colorado-Lubbock, Texas, path (see 

Chapter II). Also, the absorption values obtained were compared to those 
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observed by Lauter and Nitzsche [1] at higher latitudes in Europe. Tliey 

have also observed the "winter anomaly," which consists of winter 

days during which absorption values are very high, higher even than those 

in summer, when the sun is at a smaller zenith angle (ZA). This anomaly 

cannot be explained by direct solar control, but instead appears to be 

associated with disturbances in the winter stratosphere £ 2] and with 

geomagnetic storms £3]. 

In order to analyze the data, taking into account as many variables 

as possible, ionogram hourly-value tables were received from Boulder, 

Colorado, in close proximity with the transmitter, and White Sands, New 

Mexico, some 300 km. from Lubbock, Texas. In addition rawinsonde (balloon) 

and high altitude rocket data was also needed in order to make a complete 

analysis of events. 

For the second part of the study, at the Arecibo Observatory, elec

tron density measurements were carried out, using the incoherent (Thomson) 

scatter technique. The main interest was in comparing experimental sun

rise electron densities as a function of solar zenith angle with those 

predicted by theory. Electron densities were obtained for sunrise, 

daytime, and sunset periods. 

Theoretical values of the electron-density variations in the D-

Region (55-95 km) at sunrise have been derived by Turco and Sechrist 

[4], taking; into account the ionizable specios and the ionizinr, radiation 

at different heights, i.e., 70, 75, 80, 85 and 90 km. From thir? theo

retical analysis, it is found that the electron density at 85 and 90 km 

increases rapidly, starting around 90° zenith angle, and leveling off 

some 10° later. 



CHAPTER II 

EXPERIMENTAL PROCEDURE 

5 MHz Absorption 

The seasonal and day-to day variations in absorption of radio waves 

reveal regular features, as will as peculiar events like the winter 

anomaly. For optimum detection of the anomaly, the absorption experiment 

should be designed to have an equivalent frequency, f , given by the 

carrier frequency times the cosine of the angle of incidence, of the 

order of 1200 KHz, which was observed by Lauter and Nitzsche £1J to be 

the equivalent frequency at which the anomaly effect is most pronounced. 

This is just the value of f for the Lubbock-Ft. Collins 5 MHz experiment. 

In addition, it is easiest to carry out any AS absorption measure

ments if the following requirements are met £5]: a transmitter with con

stant output power, a stable receiver and recording instrument, or one 

whose gain variation is known, transmitting and receiving aerials chosen 

such that the one-hop E-layer reflection (IE) is stronger than any other 

mode, and there is no ground wave pick up. All of these requirements 

are met in the present experiment. The determination of the mode of 

propagation, which turned out to be IE, is given in Appendix A, and the 

antenna pattern for our half-wavelength dipole at one-third wavelength 

above ground [6] is also discussed in Appendix A. 

Absolute ionospheric absorption values were obtained by examining 

a night during which there was strong sporadic E, E , and using the 

value of the signal level, E t as a zero-absorption reference. The 
n 

absorption value then, for a day time signal strength, E,, is [5j: 



1.2 E 
L =-20 log ^ 2.1 

E 
n 

where the factor 1.2 is discussed in Appendix A. 

The transmitting system, located approximately 830 km. away at 

Ft. Collins, Colorado, consists of a 5 MHz transmitter feeding an omni

directional half-wavelength vertical dipole, with a radiated power of 

10 Kw. Due to the distance involved, the curvature of the earth may 

be disregarded, and no ground wave can be received. 

The equipment used for the detection of the signal, see Fig. 1, 

consisted of a ̂ ^ wavelength antenna fed into an HP 312-A receiver with 

44 db of attenuation switched in at night to accomodate the much 

larger nighttime signal and keep the recording pen on scale all the 

time. The detector output voltage was then fed to a Monsanto 531A 

recorder. 

Daily field strength readings were obtained for 1800 to 1900 GMT, 

by finding the average for this interval of time, and using calibration 

runs to determine the voltage corresponding to the linear displacement 

of the recording pen. 

An HF signal will not penetrate the ionosphere, which is, of course, 

a plasma, unless the critical frequency, i.e., plasma frequency, for 

the different layers is below the equivalent frequency of propagation. 

It is seen then, that nights in which the IF mode equivalent frequency 

was above the F-layer critical frequency, f F , implied that the IF 

mode was not present at the receiver. The 2F mode, which has a smaller 

angle of incidence at the F-layer, would then not reflect either since 

the equivalent frequency is larger than for the IF mode* The same 



analysis applies at the E-layer, i.e., if the IE and 2E mode equivalent 

frequencies are greater than f E, they will not reflect. 

By choosing times at which there is a strong sporadic E-layer 

at both Boulder, Colorado, and White Sands, New Mexico, one can assume 

that strong sporadic E exists at the path midpoint between Ft. Collins, 

Colorado, and Lubbock, Texas. These nights can be used to calibrate 

the experiment by finding the field intensity received at these tiroes 

of very low absorption with the condition that no F modes or 2E mode 

are present. The path geometry is then about the same as during the 

day. Indeed, these nights did occur and the calibration voltage 

for zero absorption is 2.4 mV (Appendix A). 

One can show from Eq. (2.1) that the equivalent, vertical-incidence 

absorption will be: 

L = - cos a.(20 log 1.2 E, - C) 2.2 
I d 

where 

C = 20 log E 
^ n 

a. = angle of incidence for IE mode 

Electron Density Measurements 

Electron density measurements were carried out at the Arecibo 

Observatory at Arecibo, Puerto Rico, using the incoherent scatter tech

nique £73. These measurements consisted of data gathering runs during 

sunrise, daytime, and sunset periods. 



6 

Theory 

The incoherent scatter technique is based on the fact that an 

r.f. signal of a high enough frequency, namely one much higher than 

the highest plasma frequency in the ionosphere, will penetrate through 

the ionosphere and will interact with the electrons and force them 

to oscillate at the signal frequency. The electrons will act as 

radiators and scatter a small part of the signal in all directions, 

and part of this scattered signal will reach the receiver. This scat

tering may also be considered as arising from small fluctuations in the 

electron density which give rise to local variations in the dielectric 

constant £7], £8]. 

Using the latter point of view, the scattered signal will come 

from a volume which should have dimensions larger than the radar wave 

length but small enough that the medium will be statistically uniform 

£8]. 

The incident wave may be described as: 

E. = E exp [ i(w t - k .r) ] 2.3 
m c o *̂  *• o o 

The electric field received will be: 

e o expCio) t) sin 6 r o 
Eg(t) = 2 /AN(r,t) expC-i(k^-kg)T]d r, 2.4 

R y "— "^ — ~~ 

where: 

R = distance to the scattering volume 

AN = difference between local electron density and the mean 

r = classical electron radius e 



k = wave vector of scattered wave _s 

•S = angle between E. and k 
xnc s 

Equation 2.4 can be seen to be essentially the spatial Fouriet tt'ans-

form of the electron density fluctuation. 

The electron density may be obtained from either the auto-correlation 

function: 

e(T) = ^ E (t)E *(t+T) > 2.5 
^ s s ' 

er the power spectrum, since the latter is just the Fourier transform;- of 

the auto-correlation function. 

There is a scattering cross-section associated with the back-

scattered signal which is given by £8] 

a(a) +w) = r 2 sin^ 6 <|AN(k, a))|^ 2.6 

The total scattering cross-section can be found to be from kinetic 

theory £8 3: 

2 2 a^ ^ = N r sin 6 tot e 

2 2 

1^Y\\ (l+k2x^)(l+T^/T.+k2x^) 
2.7 

where: 

(0 

c 
1/2 

Det.ye length 

N = electron density 

T. = ion temperature 

T = electron temperature 
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K = Boltzmann's constant 

e = electronic charge 

The first term represents the "electronic component" which is shifted 

by the plasma frequency and is very small. The equation is valid 

only for small temperature differences, i.e., T = 3 T. or less. 
e i ' 

but this is the case in the ionosphere. 

The backscatter power at the output of the receiver, P , can 
s' 

be shown £7] to be: 

k(R)a^ ^ 
p .. tot 
P., - 2.8 

!>'-

The exact value of k(R) depends on the antenna gain, transmitted power, 

and receiver gain. It is known to within a constant. This, then, is 

the equation giving the actual electron density from the known back-

scattered power-

Apparatus 

In order to carry out incoherent scatter measurements, one must 

have: (1) a high-powered transmitter, (2) a receiving antenna of suffi

cient aperture to collect the very weak backscattered echo, (3) a high

speed sampling and analyzing system. In our case, the transmitter peak 

output power was 2.5 Mw, at a frequency of 430 MHz, and the transmitter 

had the capability of phase-coding the transmitted pulses. The feed 

antenna consisted of a slotted waveguide which fully illuminated the 

1000 ft. spherical reflector (some 430 ft. below). The receiving 

equipment consisted of: (1) a preamplifier and mixer at the antenna 

which mixed the 430 MHz to 30 MHz, (2) a bank of filters, mixer, and 



square law detectors, (3) a Barker decoder (see Appendix B), (4) an 

A-to-D converter, (5) a CDC 3300 computer for recording the data on 

magnetic tape. An ionosonde was also available for our- runs to enable 

backscatter power profiles to be converted to electron density profiles. 

Data-Gathering Procedure 

The transmitter output signal was, of course, pulsed, and in order 

to improve resolution while still maintaining a fairly long pulse for 

a better signal-to-noise ratio (see Appendix B), it was phase shifted 

by 180 according to a Barker coding scheme. This coding scheme had 

a characteristic time interval, or baud, which was 6 lis for our ex

periments. The Barker code we used had 13 bits, so the total trans

mitted pulse length was 6 x 13 = 78 ys. 

The receiver was not turned on while transmission was occurring. 

It was also cut-off for some 360 ys after the transmitter went off. 

This was done in order to avoid damage to the receiving equipment from 

nearby ground clutter echoes. Furthermore, actual sampling of the 

data was delayed until 415 ys, representing a height of 60 km. 

The received signal, after mixing down in 30 MHz, was processed 

as shown in Fig. 2. 

As seen from the figure, the output from the buffer amplifier 

went to two 500 KHz wide band-pass filters and one of these signals 

was then mixed down to DC. This was then fed to a 6 ys matched 

filtei- and operational amplifier which went to the digitizer and then 

on to the Barker decoder and computer. The other 500 KHz filter was 

displaced in frequency so that its output did not contain any back-
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scatter information but only receiver noise. Thus this channel provided 

infox'mation on any variation of receiver noise during the IPP, inteiS 

pulse period. This signal was fed to a square law detector with a 5 ys 

time constant and from there to a A-D converter and finally to the 

computer. 

The computer had the data-taking program on disk, so that all 

that was necessary was to load this program. The computer was used 

to sjmchronize all operations. 

A known calibration power was fed through the preamplifier at 

the antenna starting at 10 ms after the start of the IPP, for a total 

of 1 ms. This was used to remove any receiver gain fluctuations from 

the data. The timing scheme for the gathering of data is shown in 

Fig. 3. 

Data Analysis 

The reduction of data was done by an Arecibo Observatory D-Region 

analysis program. Basically, it averaged over one minute intervals 

the backscatter power values corresponding to the different ranges. 

The data gathered had to be processed in order to: (1) account for the 

near-field antenna gain (included in k(R)), (2) introduce a Debye-

length correction (terms containing X ) when the Debye-length was 

of the order of the radar wavelength, (3) evaluate the scattering 

cross-section and solve for Y\, 

Below 130 Km., the temperature ratio is essentially one. The 

Debye-length correction is introduced in the scattering cross-section 

as shown in Eq. 2.7. For our experiments, a CIRA model was assumed 

for the temperature. 
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2 
From equation 2.8, which is proportional to N when (X k) << 1, 

the proportionality constant k(R), may be evaluated. At heights 

2 
where (X^^k) 'vl, the correction for Debye-length must be introduced,so 

that the scattered power, Eq. 2.8, is rewritten as: 

n K N 
Pg = 2.9 

(2+k^X^)(l+k^X^) 

Now X is a function of N also. This poses no problem since 

we can still solve for N by measuring P and knowing K. 

K is obtained a.-j follows: We determine a value of f E from 
o 

a nearby ionosonde. This frequency, i.e., the plasma frequency, is 

directly related to the maximum electron concentration in the E-layer-

The plasma frequency is given by: 

1 Ne^ ^/2 fp = - i _ ( £i^__^ 2.10 

27T m e 
e o 

and is read from an ionosonde output. The equation is then solved 

for N. The power P^ received from the height of maximum electron 

concentration for the E-Region is obtained from the printout for the 

particular run which is found by observing the region where the slope 

of the power profile is a maximum. The ratio P /2N is then K in Eq. 2.9 

2 
since for the E layer (X-^k) << 1. 



CHAPTER III 

EXPERIMENTAL RESULTS 

Day-to-day Variations 

The 5 MHz ahsorption experiment was conducted in the manner out

lined in the IQSY Manual [5], The 5 MHz signal from WWV was continously 

monitored and recorded. From the recorded signal, the average value 

of signal strength for the period 1800 to 1900 GMT wan obtairied. The 

abfjorptlon in db was then obtained as shown in Appendix A. The re

sultant diily absorption was plotted as shown in Fig. 4. 

Absorption of oblique radio waves is due primarily to the D-layer, 

and increases with increasing electron density. The electron density, 

in turn is dependent on the amount of solar radiation, the primary 

source of ionization energy, incident per unit area,which is a function 

of the solar zenith angle. There is a significant variation in the 

zenith angle of the sun, at a given time, from summer to winter. The 

/.onith anjile will increase in value, say at 1800 GMT, after the summer 

solr.tice and then decrease again after the winter nolntice, so the 

energy per unit area will decrease and increase with the season. It 

is therefore expected that as winter sets in, electron production will 

decrease, and hence, absorption values should tend to decrease. It 

has been observed [9], however, that on certain days in winter the value 

of absorption is abnormally high, even though the sun does not reach 

small zenith angles. This is, then, the so-called "winter anomaly," in 

which days of very high absorption occur. 

Thin phenomenon is consequently, not explainable in terms of 

12 
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direct solar control since the sun's radiation intensity per unit 

area is at, or near its minimum. 

Our experiments have shown conclusively that the winter anomaly 

does occur at these lower latitudes, '\' 30 . As seen from Fig. 4, in 

the course of the 1971-1972 winter, there were a total of three dis

tinct times of high absorption. These were: (1) December 10-13, (2) 

December 30 - January 4, (3) February 11-15. , 

Several theories have been set forth to explain this winter ano

maly. One idea invokes a coupling mechanism between the ionosphere 

and stratosphere. Researchers have shown £93, for example, that there 

exists a correlation between high absorption and stratospheric warmings. 

These warmings are characterized by stratospheric temperature increases 

of tens of degrees and at times are associated with large disturbances 

in the stratospheric flow. 

In order to study this aspect of the winter anomaly, MET Rocket 

data was obtained from White Sands Missile Range. This data is ob

tained from rocket-borne probes that measure temperature, wind velocity, 

and pressure, among other variables, as the rocket pay load descends 

to ground. These measurements were then supplemented by rawinsonde 

(balloon) data. Rocket data was used for pressure levels of less than 

30 millibars (mb), i.e., greater than about 24 km. Balloon data was 

used for 30 m.b and lower altitudes. 

A plot of 1-mb, (48 km), temperatures is also shown in Fig. 4. 

It can be seen that the high absorption during the 11-13 of December 

came one day after a warming at 1-mb. 
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For the second anomalous absorption period. White Sands had no 

data due to equipment difficulties, t-o that no definite statement 

may be made for this second event with respect to any local warming 

in the upper stratosphere. 

The third period of anomalous aJ^sorption occurred from February 

11 to the 15th. At this time, the t<'luperatures at 1-mb vrere disturbed 

having day-to-day fluctuations of up lo 16° K. It is possible that 

these high absorption values are related to this temperature disturbance, 

A comparable plot of 30 (24 km) and 10 mb (30 km), showed temperature 

changes associated with trough passage overhead. The trough passage 

coincided with high absorption days. 

It has been shown [3.3 , that high absorption can also be due to 

magnetic storms, which may signal an increase in the ionization. There 

is usually a delay of a few days before the absorption occurs. In order 

to distinguish between effects of stratospheric warmings and magnetic 

disturbances, the planetary A index, Ap, was also plotted. This index 

is the average value obtained from ail the reporting stations, at 

different locations, of the earth's magnetic activity. An A index of 

10 or less indicates a quiet day. A plot of this index is also found 

in Fig. 4. 

Careful inspection of the Ap indices shows that at the times 

preceding the three anomalous events the earth's magnetic field was 

not disturbed, except possibly in the case of the second event, for 

which there was a magnetic storm several days before on December 17. 

The relationship between solar zenith angle and the value of absorption 

is often given as [ll3: 
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L = C cos^ X 3.1 

where the constant C depends on the wave frequency^ peak electron 

density,and the collision frequency, v . A plot of the log of Eq. 

3.1 should be a straight line with a slope of n. Fig. 5 is a plot 

of log L vs log cos X. The straight line represents a value of n of 

0.75, which is a value typically observed by other workers [ll3. The 

individual points represent average values of absorption at fifteen 

day intervals for the time between September 1971 through May 1972. 

It can be seen from the figure that as the sun's zenith angle 

increased after the Summer Solstice, the absorption decreased. This 

trend continued nicely until December when the average absorption 

increased suddenly. This deviation correspond to the first anomalous 

period, when the absorption increased to very high, summer-like values. 

Following the winter period the absorption rejoins the n = 0,75 

line. In comparing this plot with similar ones from Lauter and 

Nitzsche in northern Europe [l3, it is seen that our average anomalous 

absorption of about 10 db is much less than theirs, which is 20 to 

30 db. This is not because they see more intense absorption on 

Individual days than we do, but rather because they have more 

anomalous days. This is probably a result of their higher latitude. 

Diurnal Variations 

The growth and decay of the lower ionosphere were observed by 

radar from the Arecibo Observatory. The observations were carried 

out for three different periods, i.e., sunrise, day, and sunset. 
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In Table I the experiments are listed along with pertinent 

information relating the variables such as weather (i.e., cloudy 

or clear, which affects the antenna gain somewhat), magnetic A 
P 

index, critical frequency for the E-layer, and i-adio emission of 

the sun at 10.7 cm. 

There were five experiments which involved the sunrise period, 

and four which spanned from late afternoon until late evening. 

Exp. No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Date 

12/7/72 

14/7/72 

18/7/72 

20/7/72 

2G/7/72 

18/7/72 

19/7/72 

25/7/72 

28/7/72 

TIME 
AST 

0400 

0400 

0400 

0400 

0400 

1700 

1700 

1200 

1200 

foE 
(MHz) 

-

2.8 

3.0 

-

2.5 

-

-

-

3.0 

TABLE 1 

Sky 

clear 

cloudy 

clear 

clear 

clear 

cloudy 

clear 

clear 

clear 

A 
P 

3 

4 

11 

5 

10 

11 

5 

8 

11 

^10.7 

130.1 

131.1 

133.1 

136.3 

110.9 

133.1 

132.1 

117.0 

101.4 

Fi^ 

6 

7 

8 

9 

10 

11 

12 

13 

14 

List of Experiments 

From the data, plots were made of the electron density, at a 

given time, as a function of height. These are actually three-

dimensional plots with electron density as the z-axis. 
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Before the Debye-length correction is intro<luced, the power 

profile shows no detail at low altitudes, as shown in Fig. 

21. 

In general, these plots, and the region that they represent, 

namely 60 km. to 140 km (which rang' :i From the lowest part of D-Region 

well into the E-Region) may be described as follows: (1) lower and 

middle D-Region, (2) upper D-Region, (3) E-Region. 

The lower and middle D-Region is characterized as a generally 

noisy region since the electron concentration there falls below 1000 

electrons per cubic centimeter (cc) and is below the sensitivity of 

the present facility as far as an accurate measurement is concerned. 

The upper D-Region is well defined, and the variation of electron 

concentration is easily followed. The increased ionization found 

in the E-Region and t?ie boundary thereof is easily discerned from 

these plots (85-95 km). 

Occasionally strong, short-lived echoes are observed in the 

lower D-Region. One wonders whether these could actually represent 

very high concentrations of electrons which appear and disappear rather 

abruptly. Some may last as long as 15 minutes or more (Fig. 12). 

In order to deduce whether this may represent backscattered echoes 

from the ionosphere, one may examine the signal for its coherence. 

A very coherent (narrow-band) signal would indicate a phenomenon other 

than incoherent scatter- We have found that the echo seen in Fig. 12 

at 72 km was in fact a very coherent echo; it was well correlated for 

over 13 ms. It was caused, most probably, by a ship or ships sailing 
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along the waters north of Puerto Rico and passing through the sidelobes 

of the antenna. This result, together with studies of these echoes 

done in the past at Arecibo, suggest that all of these echoes are 

caused by ships or aircraft. 

The boundary between the D and E-Regions is characterized by a 

large inca?ease in N and is located somewhere between 90-100 km, as 

can be seen from the figures. As this boundary is passed, the 

electron concentration remains very constant at any one time. However, 

it is possible at times to observe a shar^ peak around 110-120 km. 

This peak is the so-called sporadic-E, Es, that is also detected in some 

ionograms (see Fig. 15). 

The transition between the lower and upper D-Region is marked by 

a very sharp ledge located in Figures 6-14 in the range of 84-87 km. 

This represents a very abrupt change in electron concentration. It 

has been proposed by Reid [123 that this ledge is due to a diange in 

the recombination T̂ ate at these heights due to the presence of hydrated 

+ + ions such as H_0_ , II_0 . These npecies react with the electrons to 
5 2 3 

form neutral species thus using up the electrons in this region. The 

exact processes are not as yet well understood. 

Turco and Sechrist [43 have developed a model for the behaviour 

of the D-Region during sunrise. They have calculated the growth of 

this region at 70, 75, 80, 85 and 90 km. 

To compare this with our data, note that below 85 km the sunrise 

signal to noise ratio fell below 0.03, which amounts to 3 standard 

deviations on our measuremonts. We can assume th.it only a signal 

http://th.it
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that is greater than about three standard deviations is a reliable 

signal, thus, plots analogous to Turco and Sechrist's [43 were made 

for 95, 90 and 85 km. Plots could not be made at 80 and 75 since thfe 

signal to noise ratios around sunrise were much less than .03. 

A plot of the sunrise behaviour of the electron density, N , at 

95 km around sunrise (100-75° zenith angle) is shown in Fig. 16a. 

3 
It shows a nighttime electron density of some 2.1 x 10 e/cc as the 

average for five different runs. At a zenith angle of 93 the 

electron concentration starts increasing, levelling around 88 degrees 

3 

and a concentration of 6.5 x 10 e/cc. This constant value is main

tained for some time; then N again starts slowly to increase at 80 

zenith angle. This could mean either extra electron production or 

downward drift of electrons. 

The observed electron density variation at a height of 90 km is 

found in Fig. 16b. It is observed that the nighttime electron density 

2 
is of the order of 7.5 x 10 e/cc. An increase in electron density 

starts around 90° zenith angle and levels around 83 . There is a 

difference in nighttime ionization of a factor of approximately 2 

between the experimental results and theoretical model, the former 

being the greater. However, very close agreement is found after 

sunrise. 

At 85 km, as shown in Fig. 17 , the nighttime density is approx

imately 8 X 10^ e/cc. There seems to be little, if any, incr-ease in 

density at sunrise. These values are in sharp contrast with theory. 

Our results are more than one order of magnitude greater than theory 

during the pre-sunrise period. After sunrise, this difference is 
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only a factor of two. 

Below 85 km our data points had signal to noise ratios that would 

not give accurate results. Plots were made, however, for 80,85, 90, 

95 km of log N versus solar zenith angle. These are found in Fig. 18-20 

for sunset periods of time. At 95 km the electron density shows generally 

a smooth variation during the day with a peak around 5 x 10 e/cc around 

local noon (X = 0 ). At 90 km there I ; again a rather smooth 

variation during the day. Around sunset there is rapid fluctuation 

in density. At 85 and especially 80 km the region is very noisy. 

However, some solar control is evidenced at 85 km when, after sunset 

the fluctuations in the data due to lower S/N ratio become more pro

nounced. An attempt was made to calculate the recombination coefficient 

for 85, 90 and 95 km. It was found that at 85 km not enough reliable 

points existed to enable the calculation of this coefficient. Experi

ment 6 was used and the recombination coefficient was evaluated at 90 

and 95 km. 

Assuming no transport, the equilibrium equation for the ionos

phere would be: 

dn 2 o ,5 
— = q - a n >3.2 

^ e dt 

where: 

— = rate of change of electron density 

dt 

q = production rate 

a = recombination coefficient (effective) 
e 
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n = electron den.sity 

Equation 3.2 is only an approximate equation. A more exact equation 

would separate the recombination term into several terms that would 

take into account the different ionic species and their particular 

recombination coefficients. 

At sunset the production term, <[, goes to zero and the equilibrium 

equation reduces to: 

dn 2 
— ^ - a n 3,3 

dt ^ 

Taking the log of both sides gives 

log ( - — ) = log a + 2 log n 3.4 
dt ® 

A plot of Eq. 3.4 is a straight line with a slope of 2 and intercept 

log a . 
e 

Figures 22 and 23 give this plot. The straight line has a 

slope of 2. From these, the recombination coefficient for 90 km is 

. 35 X 10 e/cm s and for 95 km .24 x 10 e/cm s. These values are 

within the range of recombination coefficients measured from solar 

eclipses £l43. 

For other sunset periods, it was found that at 90 and 95 km 

there seemed to be no definite decrease in density which could point 

to a sporadic-E layer present at those heights or perhaps downward 

transport of electrons. 



CHAPTER IV 

CONCLUSIONS 

5 MHz Absorption 

Our 5 MHz experiment has shown that at our latitude there does 

exist periods of high absorption during winter time. 

These periods occurred, (1) after a warming in the upper 

stratosphere, which wnr, the first: event, (2) several days after 

a sudden commencement magnetic .ntorm, (3) durinp, days of what appeared 

to be temperature instabilities in the upper stratosphere. 

The temperature at 1 mb level did indeed show a warming event 

preceding the first absorption event. Our data was not complete 

during the second event so that no mention may be made as to a 

possible 1 mb warming being related to this second period. 

Temperatures at 1 mb were not stable during the last observed 

event for the 1971-1972 winter, and trough passage coincided with 

this period suggesting some coupling in stratospheric-ionospheric 

events. That this coupling does Indeed exist is clearly illustrated 

by the first event also. 

The winter time absorption may be characterize4 as normal or 

anomalous. After the anomalous absorption during the first half of 

January, the winter time absorption falls down to a normal value for 

the last half of January given by the n = 0.75 line. 

This is in contrast with other observations [13], which find that 

22 
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after anomalous days there does remain a "background" absorption 

which is characteristic of the winter time. 

Electron Density Measurements 

From the results of the Arecibo Observatory data, it was found 

that for altitudes lower than 90 km the signal to noise ratios were 

generally too low at sunrise and sunset to enable observation of the 

electron density variation with zenith angle and calculation of 

recombination coefficients, respectively. 

The electron density profiles had a good height resolution, 

.9 km, and considerable detailed structure may be observed. The 

D-layer ledge is found in the range of 83-92 km. This ledge does not 

remain at a constant altitude, but rather varies continuously during 

the day. It is Lyplcally located around 92 km during the pre-sunrise 

period. A downward motion is then observed. Around 9:00 am a gradual 

upward motion seems to take place (Fig. 10), the ledge reaching a 

height of 87 km. During the afternoon a downward motion begins and 

seems to terminate around 1800. After this time the ledge disappears. 

This afternoon downward motion involves not only this ledge but 

also all the other characteristics present (Fig. 13). Here it is 

seen that the ledge and two sporadic-E layers are moving down at the 

same rate, as if moved by the same force. 

After sunset, the sporadic-E is more pronounced as the ambient 

density has decreased considerably. 

A plot of log ( - 4^ ) versus log n at sunset has not revealed 

a straight line as should be expected from simple theory. However, 
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an approximate straight line with slope of 2 exists for the last points 

which are for zenith angles greater than 90 . The recombination 

coefficient calculated from this approximation gives results that 

have been observed by other researchers [143. Thus Equation 3.3 may 

be said to be valid for a short interval of time after sunset, and 

the recombination coefficient calculated from it at these times does 

agree with other measurements. 

It was found that after sunset, after a minimum value was obtained 

of electron density, at 95 km, this value would rapidly increase by 

a factor of 6 and even up to an order of magnitude greater. This 

would be explainable in terms of downward motion from higher layers 

or the appearance of sporadic-E. 

Suggestions 

It is recommended that continued A-3 measurements be carried out. 

The establishment of a network of monitoring stations at several hundred 

or ^ thousand miles away would be helpful in e.';timating the actual 

geographical extent of the anomalous regions [1*̂ 3. These must be 

complimented with meteorological data from different MET rocket stations 

so as to ascertain the coupling between meteorological and ionospheric 

events. 

Increased signal-to-noise ratios would enable more reliable 

measurements of electron density at Arecibo at •̂ 'Ititudes lower than 

90 km. Certainly the ledge at 85 km is of interest in studies of 

chemical reactions in the ionosphere. A lower noise receiving system 

could probably be achieved to increase the signal-to-noise ratio. 
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Finally, studies of the variation of N during the day at fixed 

height, similar to those of Haug and Thrane [103» should be carried 

out to learn more about the nature of the electron loss processes in 

the D-Region. 
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APPENDIX A 

MODES OF PROPAGATION AND ANTENNA 

GAINS 

For A3 measurements, as outlined in the IQSY manual [53, the 

transmitter distance is usually of the order of 300 km. However, with 

sufficient power, greater distances may be used, and in our case the 

distance is 830 kir.. from Ft. Collins, Colorado, to Lubbock, Texas 

(Fig. A-1). 

Assuming the heights for the E and F layer to be 100 and 300 km. , 

respectively, the angles of elevation for the different modes are 

given in Table Al. 

Mode Angle of Elevation fg (MHz) 

IE 13.5° 

2E 25.7° 

IF 38° 

2F 57.5° 

TABLE Al 

Angles of Elevation and Equivalent Frequency 

In order to obtain accurate absorption values one must know: 

(1) mode of propagation present at night, (2) mode of propagation pre

sent during the day, (3) antenna gains, (4) critical frequencies, f E, 

f, E , f F.. 
b s o 2 

1. 

2. 

3. 

4. 

,19 

,18 

,08 

10 
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Nighttime Propagation 

The absence of the D-layer during nighttime means that the 

wave will suffer minimum absorption. Also, at night the normal E-layer 

is much weaker. There is also a sporadic-E layer (which, as 

the name implies, occurs only sporadically) and a higher and weaker F-

layer. However, the sporadic-E layer usually is strong enough to sustain 

a IE mode of propagation. 

The IF mode has an equivalent frequency of 3.1 MHz and may or 

may not be present since f F may be larger or smaller than 3.1 MHz. 

However, the much longer path length will make the IF mode small enough 

so that it can be neglected compared to the IE. 

The distance travelled by a 2E mode is 1.1 greater than the 

IE. The ground reflection coefficient for the 2E mode is about .5. 

Therefore the ratio of the 2E mode relative to the IE mode is .45. 

(The ratio of the product of antenna gains for IE and 2E elevation angles 

is approximately equal to one.) It may be said then, that the 2E path 

may be neglected during the night. The times for nighttime calibration 

can thus be chosen such that the IE path will be the dominant mode by 

choosing the nights which had strong E layer, as observed by the 
s 

ionosondes at White Sands, New Mexico, and Boulder, Colorado. 

One more effect must be taken into account at night and that is, 

an allowance must be made for the presence of the extraordinary wave 

at night. This is done by the introduction [5] of a 1.2 factor for 

the day time signal. 
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Daytime Propagation 

Durinj^ the day, l:he E and F layer cril ical frequencies are 

much higiier than the equivalent frequencies for the individual paths 

so that all the modes can be present at the receiver. The presence 

of the D-layer modifies this picture significantly, however, by its 

absorption of the waves. Also, the ant-̂ n̂na gain for the 2F mode is 

so low, that no 2F mode will add a significant amount to the re

ceived signal. 

In any case, at our time of interest (at 1800 GMT) the blanketing 

frequency, f, E , is sufficient to reflect any ray launched at the IF 

elevation angle. This means that no IF mode will reach the receiver. 

To evaluate, however, the ratio of 2J: vs IE during day time, 

wa must take into account: (1) the path length difference, (2) the 

ground reflection coefficient, (3) attenuation due to the wave passing 

through the D-layer at different angles. In general the signal will 

have two components, that is: 

c; = ^ + S A. 1 
^R ^lE "̂  ̂ 2E 

The absorption suffered by the wave is proportional to the distance it 

travels in the absorbing layer- This distance varies as the secant of 

the angle of incidence. The reflection coefficient, R^ would be the 

reciprocal of this, giving for Eq. Al: 

sec a 2 
( R. ) 

R.S V sec a i / 
q - G ^ ^ + G R = S„ A. 2 
^R - ^lE . ^ ''2E g , T 

1̂ S 
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where: 

S = Signal at the transmitting antenna 

G-|_j, = Product of sending and receiving antenna gains for IE path 

^2E ~ P̂ '̂ ^̂ '̂t of sending and receiving antenna gains for 2E path 

R. = Ionospheric reflection coefficient for IE path 

R = Ground reflection coefficient 
g 

al = Angle of incidence for IE path 

a2 = Angle of incidence for 2E path 

d = Path length for IE mode 

d = Path length for 2E mode 

By dividing through by the nighttime signal strength, the equation 

-2 
has a value of about 10 , which will be shown in the following section. 

Since G and G are almost equal, Eq. A.2 can be rewritten as: 

-2 2 
10 = cR. + .85cR. 

1 1 

where: 

c = Gj^^S^ / d^2400 

Therefore, it is seen that the last term which is due to the 2E 

mode, does not contribute significantly to our daytime signal strength. 

Calibration Constant 

The constant C, which is the calibration constant for absorption 

values, is, from Eq. 2.2: 
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C = 20 log E 
n 

To isolate the mode of propagation, tables of hourly ionospheric 

soundings were consulted. At the times when strong sporadic-E, E , 

existed for both White Sands, Nfw Mf^xlco, and Boulder, Colorado, for 

two or three hours, it was assumed ihai the IE mode was present 

at the path midpoint. 

Several nights were used for calibration purposes and a value 

of 2.4 mV was found to be the average signal strength. From this the 

constant C is: 

C = 20 log 2,400 = 67.6 

The received day time signal from 1800 to 1900 GMT varied from a 

-2 -4 
maximum of 300 uV to 20 uV. The power ratio is then 10 to 10 , as 

stated previously. 

Antenna Gains 

The half-wavelength vertical dipole has, for the direction of 

maximum radiation, an elevation angle of zero degrees. The horizontal 

dipole, one-third of a wavelength above the ground has its maximum 

occuring at 49°. 

To find the relative gain for the different propagation modes, 

the product of the two antenna gains as a function of angle was 

obtained. The relative fields for the antennas are given by [6]: 
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G. = K 
fv v 

cos (1 sin a) - cos 1 
r r 

cos a 

fh = K^ I 2 sin (h sin a) 

where: 

1 = 1 ^ 

h - h ^ 
X 

The ratios of the products of the antenila gains for 2E, IF, 

2F modes to the IE mode are shown in Table A2: 

IE 2E IF 2F 

1 1.2 .87 .25 

TABLE A2 

Relative Antenna Gains 

As far as antennas are concerned, the optimum angle for maximum 

gain was found to be 24°, which is very close to the elevation angle 

for the 2E mode. However, this mode does not significantly affect 

our received signal. 
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APPENDIX B 

BARKER CODING SCHEME 

The problem that led to coding the transmitted signal was that 

of obtaining a good height resolution without sacrificing the signal-

to- noise ratio, S/N. The energy transmitted will determine how much 

signal is received and hence, the S/N ratio. This will be determined 

by the duration of the transmission period, Tp. At any given time, 

the transmitted pulse will occupy a height of cTp, and the height 

resolution will be Tp/2,. By making the pulse Tp small, the resolution 

would be increased, however the transmitted energy would be reduced, 

making the S/N smaller. 

If in the course of transmission, however, the phase of the signal 

is shifted by 180° according to some coding scheme, then a wide frequency 

spectrum with known phase relationship would be transmitted. The frequency 

band is just that of a very short pulse but the phases are altered. 

The received signal can be processed such that it resembles a signal 

of a short pulse but with the total energy of the much longer pulse, 

and hence the name "pulse compression" [83. 

There are many codes. An optimum code in the sense that the 

range side lobes are all uniform is known as a Barker code. The one 

used for this experiment was a thirteen-bit Barker code with the phase 

for each baud (see Fig. A 2b) given by +++++—++-+-+. 

Decoding the received signal consisted simply of cross correlating 

the signal with the transmitted pulse. Since the signal from a given 

height resembles the transmitted pulse, the cross correlation is nearly 
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the same as the autocorrelation function of the transmitted pulse. 

This is shown in Fig. A 2c. 

In order to get a resolution of 900 m from an uncoded pulse, 

a pulse length of 6 ys would be needed. This would result in an S/N 

°^fl3/ "̂ -̂ "̂ ^̂  '^^^'^ '^^ ^ ^'^^ - "7̂- VI sec pulse since the transmitted 

power is dropped by a factor of 13 and the bandwidth must be expanded 

by 13. However, for a 78 y sec pulse coded with a 6 ys baud length, 

the receiver would have to have 13 times more bandwidth but the coding 

would compress all the power into one G y sec interval. This would lower 

2 
the S/N by only 13 rather than 13 and thus represents an improvement 

in S/N ratio of 13 over the uncoded 6 y sec pulse. 

We used a pulse length of 7fi yn., so that a height resolution 

of 900 m is obtained, compared to 11.7 km. foi' an uncoded pulse of 78 ys. 
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FIGURE 2. Receiving Setup 
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6 MONTHLY ABSORPTION VARIATION 
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FIGURE A-2. Barker Code and Autocorrelition Frnction 


