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Just as Germanisms creep into the speech of a German who speaks English 
well although he does not first construct the German expression and then 
translate it into English; just as this makes him speak English as if he were 
translating 'unconsciously' from the German - so we often think as if our 
thinking were founded on a thought-schema: as if we were translating from 
a more primitive mode of thought into ours. 

(Uit Philosophical investigations van Ludwig Wittgenstein) 
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Summary 

Travelling ionospheric disturbances (TIDs) are the response of the ionospheric electron 
density to acoustic-gravity waves propagating through the atmosphere. Acoustic-gravity 
waves are periodic variations in the thermodynamic fields, such as pressure, density and 
temperature of the gas, for which both gravity and pressure play roles as restoring forces. 
TIDs can be observed as variations in the length of the ray path of radio signals penetrating 
the ionosphere, since the refractive index at radio wavelengths depends upon the electron 

density. In this thesis observed variations in the pathlength of radio signals from cosmic 
sources and polar orbiting satellites are discussed. 

In chapter 1 a brief description of the upper atmosphere is given. Then the basic 
properties of acoustic-gravity waves are derived theoretically and examples valid at 
ionospheric heights are given. Finally, the classification of TIDs is given and the 
relationship between acoustic-gravity waves in the neutral atmosphere and the 
corresponding perturbations in the electron density in the ionospheric F-region is 

described. 
Chapter 2 describes how radio interferometric observations and differential Doppler 

shift measurements can be used to study the ionospheric total electron content. An 
extension of the differential Doppler technique is described, that enables the determination 
of TID parameters from data sampled at different locations. Furthermore, the biases for 
observations of TIDs by these techniques, are discussed. Finally, it is shown that the 
horizontal wave number spectra of acoustic-gravity waves and the corresponding 
perturbations in total electron content are similar if the ionosphere can be treated as a shell 
of small thickness around the earth. 

In chapter 3 a climatological analysis of medium scale TIDs is given, based upon 
5500 radio interferometric observations, made between 1980 and 1988 with the 
Westerbork Synthesis Radio Telescope in the Netherlands. The climatological results give 
indications for the relative importance of various suggested mechanisms for excitation of 
the acoustic-gravity waves that are associated with the TIDs, and they show the effects of 
observational biases. 

It is found that the amplitude and the frequency of occurrence of these medium scale 
TIDs show a large maximum at noon, a smaller maximum at night and minima around 
sunrise and sunset, during all seasons except summer. The daily variation is partly 
explained by the daily variation of the ionospheric electron density. The night-time 
maximum may reflect an actual maximum in wave activity. The daily variation suggests that 
the solar terminator or auroral sources do not contribute substantially to the excitation of the 
waves. 

The period of the medium scale TIDs shows a diurnal variation with a large 
maximum around noon and a minimum at about midnight. It is explained by Doppler 



shifting or filtering of the spectrum of waves by the wind. Such wind effects can also 
explain the differences between the daily variations for different directions of the line-of
sight. The mean period of the waves is quite close to the Brunt-VaisaHI. period, implying 

that some of the observed waves may be evanescent gravity waves. 
No correlation between the wave parameters and geomagnetic activity is found. The 

amplitude of medium scale TIDs varies in the course of the solar cycle. A maximum 
occurred between 1981 and the beginning of 1984, somewhat retarded with respect to the 
solar cycle maximum in 1980-1981. It is probably due to the variation of the ionospheric 
electron density during the solar cycle. 

Chapter 4 describes an application of the differential Doppler technique to 
observations made with an east-west chain of three satellite signal receivers at distances of 
109 and 285 km in France. During an experiment of three weeks in November 1987, TIDs 
were observed not only by means of the differential Doppler technique but also by two
dimensional radio interferometry. The wave azimuths obtained by means of the two 
techniques are consistent, assuming that: 

the average altitude of the perturbations in electron density due to the waves is about 
250 km, about 100 km below the average ionosphere height. This is to be expected 
since the waves are damped by viscosity and thermal conduction, whose effects 
increase with altitude in the ionosphere. 
the observed wave azimuths have been averaged sufficiently over time and space to 
reduce spread related to the strong dispersion of the waves and the difference in line
of-sight between the two instruments. 

The horizontal wave number spectrum exhibits universal characteristics also 
displayed by gravity wave spectra lower in the atmosphere. 

At night, surprisingly, not only TIDs were observed, but also almost stationary east
west oriented ridges of ionization, close to the equatorward wall of the night-time mid
latitude trough in the ionospheric electron content. It is proposed that these ridges are due to 
downward transport of plasma along the geomagnetic field lines. 

In chapter 5 a discussion of the importance of various sources of medium scale TIDs 
is given. Auroral sources and the solar terminator can be excluded as the dominant source 
on account of the climatological analysis in chapter 3. In view of the large horizontal phase 
velocities the waves cannot be of direct tropospheric or middle atmospheric origin either. It 
is then shown that, by nonlinear interaction, a large amplitude gravity wave or tide can 
excite secondary gravity waves with horizontal phase velocities that are larger than the 
horizontal phase velocity of the primary wave. 

The contents of chapter 3 have been submitted for publication as: Van Velthoven 
P.F.J. and Spoelstra T.A.Th. (1990), Climatology of medium scale travelling ionospheric 

disturbances from radio interferometric observations, Adv. Space Res. 
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The contents of section 4.4 have been published as Van Velthoven P.F.J., 

Mercier C. and Kelder H. (1990), Simultaneous observations of travelling ionospheric 
disturbances by two-dimensional radio interferometry and the differential Doppler 
technique applied to satellite signals, J.Atrnos.Terr.Phys. 52, 305-312. 

The contents of sections 4.3-5 have been presented at the International Beacon 

Satellite Symposium at Tucuman, Argentina, in 1990, and will appear in its proceedings as: 

Van Velthoven P.F.J. en Kelder H. (1990), Differential Doppler shift observations of 

ionospheric irregularities. 
The discussion of the biases of the differential Doppler technique for observation of 

gravity waves, as presented in section 2.4, will be submitted for publication as part of a 

case study by Leitinger R., Van Velthoven P.F.J. and Putz E. 
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CHAPTER 1 

PROBLEM DEFINITION 

1.1 Nomenclature of the atmosphere 

The atmosphere of the earth is electrically neutral to a high degree, although above about 50 
km a small fraction of the molecules has been ionized by incoming solar radiation and 
precipitating energetic particles. This part of the atmosphere was first called the ionosphere 
by Watson-Watt, but historically the concept of conducting regions in the atmosphere was 
introduced by Balfour Stewart in 1878, to account for the daily variations in the 
geomagnetic field. Appleton and Kennelly-Heaviside were the first to recognize horizontal 
strata or layers in the ionosphere in the 1920s. The following layers can be distinguished: 
the D-layer between 70 and 95 km, theE-layer between 95 and 140 km, the Frlayer 
between 140 and 200 km, and the Fz-layer between 200 and 400 km. The relative 
importance of the various ionization and recombination processes is different for each of 
these layers. Although the electron density often exhibits a local maximum in each of the 
layers, clear boundaries between them cannot be distinguished (see figure 1.1). 

Another system of nomenclature for the atmosphere is based upon the variation of 
temperature with altitude. In this system each layer is a region where the change in 

temperature with altitude has a constant sign. The layers are called 'spheres' and their 
boundaries are called 'pauses'. Travelling upwards from the surface of the earth one 
subsequently passes through the troposphere, the stratosphere, the mesosphere and the 
thermosphere (see figure 1.1). The ionosphere is located in the thermosphere and 
exosphere. The exosphere is the uppermost part of the atmosphere (above 500 km). Here 

the particles move along ballistic trajectories without much probability of collisions. 
Above about 100 km the atmospheric constituents are no more homogeneously 

mixed. Therefore the upper half of the atmosphere is sometimes called the heterosphere, 
while the lower half is called the homosphere. The boundary between the two is called the 
turbopause. 
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Figure 1.1 
Nomenclature of the atmosphere of the earth with respect to its temperature distribution, its 
homogeneity and its electron density distribution. 
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1.2 Travelling ionospheric disturbances (TIDs) and acoustic
gravity waves (AGWs) 

Travelling ionospheric disturbances (TIDs) are propagating irregularities in the electron 
density within the ionosphere. As early as the 1920s communication engineers were 
troubled by the presence of fading in radio signals reflected by the ionosphere (see e.g. 
Mimmo, 1937). Experiments showed that the fading was caused by the focussing and 
defocussing of the radio waves by inhomogeneities in the electron density. Munro (1949, 
1950, 1956) was the first to make a systematic study of these disturbances. He noticed that 
changes in the critical frequency of the F2-1ayer occur at different times for the ordinary and 
extraordinary component of an ionosonde signal, and he interpreted this as the result of the 
difference in time of arrival of an irregularity in the electron density at the reflection points 
for the two components. By using a three-point network of ionosondes, he was also able to 

infer that the disturbances which he observed were propagating in the horizontal plane and 
had a forward tilt. This means that the planes of constant phase moved under an angle with 
the horizontal such that phase propagated downward (see figure 1.5). Munro found that the 
direction of propagation is mostly horizontal, and that it is generally northward in the 
southern hemisphere and generally southward in the northern hemisphere. 

Martyn (1950) explained these travelling disturbances in terms of cellular 
atmospheric waves, but his theory could not explain the forward tilt of the planes of 
constant phase. Hines (1960) modified the theory and proposed that TIDs are 
manifestations of acoustic-gravity waves (AGWs) in the ionosphere. This view, which 

regards the ionosphere as a passive tracer that displays the motions of acoustic-gravity 
waves in the neutral atmosphere in the form of TIDs, is now widely accepted. Below we 
will show that Hines's theory does explain the tilt of the planes of constant phase. 

The action of buoyancy, which is the driving force for gravity waves, can be 
understood by considering the displacement of a parcel of air in a stable atmosphere (see 
figure 1.2). If a parcel is displaced vertically in a stable atmosphere, a restoring force will 
act. If the frequency of the resultant oscillation is high (> w-2 Hz), gravitational effects can 
be neglected, and the restoring force arises solely from the compressibility of the medium 
(acoustic waves). At lower frequencies the gravitational force is comparable to the force 
due to compressiblity. Consider a small parcel of fluid at height z. If we displace it 
adiabatically to height z + .1z, its density p is changed by .1p .1p0 I ~. where p0 is the 
pressure in the environment, and c5 the velocity of sound. If the environment is in 
hydrostatic equilibrium, then .1 p0 = - p 0 g .1z, where Po is the mass density in the 
environment. After displacement to height z + .1z, the mass density of the parcel will not be 
equal anymore to the background mass density, Po+ .1p0 =Po + (dp0 I dz) .1z at that 
height. The equation of motion for the parcel thus is: 

7 
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Figure 1.2 

(1.1) 

z +llz 

p + dPo ll z 
0 dz 

p
0 

p
0
gll z 

Adiabatic displacement of a parcel of fluid in a background atmosphere which is in 
hydrostatic equilibrium. 

The parcel will oscillate around its initial mean position with a frequency roB that is called 

the Brunt-Viiisalii or buoyancy frequency: 

(1.2) 
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For a perfect gas the Brunt-Vaisalii frequency takes the form: 

2 
2 g des 

(J) + -
g c2 dz 

s 

(1.3) 

Here y is the ratio of the heat capacities at constant pressure and at constant volume 

(cp I cv). The derivative on the right hand side of (1.3) occurs if the background atmosphere 

is non-isothermal. If the background is isothermal, one usually uses the symbol Wg instead 
of ro8 for the Brunt-Vaisala frequency. In figure 1.3 the variation of the Brunt-Vaisala 

frequency with altitude is sketched. 
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Figure 1.3 
Variation of the isothermal and non-isothermal Brunt-Viiisaliifrequencies, Wg and w8 , and 
the acoustic cut-off frequency, Wa, for an atmosphere with a high thermospheric 
temperature (Beer, 1974 ). 
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The dispersion relation for acoustic-gravity waves was first derived by Hines 
(1960) from the hydrodynamic equations for the atmosphere. In this treatment the 
background atmosphere is assumed to be vertically stratified and the curvature of the earth 

is neglected. The horizontal wavelengths are small compared to the circumference of the 

earth and, therefore, the waves can be described locally as propagating in a plane stratified 
atmosphere (see Francis (1972) for the effects of curvature). The Coriolis force can be 

neglected because the period of rotation of the earth is much larger than the periods of the 

waves. Viscosity and thermal conductivity are neither included in the equations. Above 

about 100 km they can no more be neglected, but their inclusion greatly complicates the 

theory and does not essentially change the characteristics of the acoustic-gravity wave 
branch we want to discuss here. For a theory including viscosity and thermal conduction 
the reader is referred to Volland (1969). Under these approximations, the equations of 

motion, continuity and conservation of energy are reduced to: 

au 
pat + p (u. v) u + vp- p g == p f (1.4) 

ap+V.(pu)=O 
at 

(1.5) 

~~ +u.vp-c;[~~+u.vp] p(y-l)q (1.6) 

Here u is the velocity of the fluid, pits pressure and pits mass density. We have included 

two possible types of sources in the equations; a force per unit mass f and an energy input 
per unit mass and per unit time q. The wave equation for acoustic-gravity waves with small 

amplitudes can be derived from (1.4-6) by expanding the hydrodynamic fields into 
perturbation series. For simplicity, we assume that there is no wind in the background 
atmosphere and that the background atmosphere is isothermal. Furthermore, we assume 

that the effects of the sources are small, and hence that they can be treated as first order 
perturbation quantities. It follows that the background atmosphere is in hydrostatic 

equilibrium: 

z z 

Po(z) = PoCO) e- H with H = y g/ c! (1.7) 

Here and in the following the subscript "0" indicates the background quantities. His the 
constant scale height of the isothermal background atmosphere. 

The first order perturbation equations become: 
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Po~~ + vp- P g = Po f 

ap at + v. <Po u) = o 

ap dpo 2 [ ap dpo ] - + w-- c - + w- = P0(y-l)q 
at dz s at dz 

(1.8) 

(1.9) 

(1.10) 

In (1.10), w is the vertical velocity of the fluid. We will use the convention u = (u,v,w). It 

is useful to choose a new variable 'Jf =pI (p 0(z)p0 (0)) 1 12 • After Fourier transforming 

(1.8-10) with respect to time (replace atat by -iro), it is found that the Fourier transform 

'I'm of 'I' satisfies the following wave equation: 

a2 i 2 i 2< 2 2) 
[ - + - + (I) - + (I) (I) - (J)a ] 'I' = S 

a 2 a 2 2 2 a 2 2c 2 2) m m 
X y (I) - (J)g Z Cs (I) - (J)g 

(1.11) 

with a source term Sm that can be expressed in terms of qm and fro as: 

(1.12) 

ffia is the acoustic cut-off frequency for an isothermal atmosphere: 

(1.13) 

All perturbation quantities of interest can be expressed in 'I' by polarization relations: 

U =-I 
{!) 

v -i 
(j) 

(1.14) 

(1.15) 

O'Jim + i_f 
y (I) ay (I) y,ro 

(1.16) 
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(1.17) 

(1.18) 

The wave equation (1.11) can be solved by Fourier transformation with respect to the 

spatial coordinates. Denoting the wave-vector by k = (kx, ky, kz) and the horizontal 
component of the wave vector by kh = (k; +k~) 112

, one obtains the following dispersion 
relation for acoustic-gravity waves from (1.11): 

(1.19) 

In the atmosphere, IDa> IDg and IDa"" 1.1 IDg hold approximately (see figure 1.3). 
The waves described by the dispersion relation (1.19) can be categorized as follows: 

(a) ID > IDa acoustic branch. In the limiting case ID >> IDa, the dispersion relation 
becomes the dispersion relation for pure acoustic waves: 

2 ID2 
k - (1.20) 

c2 
s 

(b) rog < ID < roa : evanescent waves. In this case, the wave equation (1.11) transforms 

into a diffusion equation. 

(c) ID < rog gravity wave branch. In the limiting case ro << rog, the dispersion 
relation becomes the dispersion relation for pure gravity waves: 

( 1.21) 

The dispersion is usually illustrated by plots of wavenumber versus angular 
frequency (Hines, 1960). For applications in experimental studies it is more convenient to 
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consider wavelength and period as parameters. In figure 1.4 the vertical wavelength of 
gravity waves is sketched as a function of period and horizontal wavelength for realistic 

values of the parameters of the background atmosphere: the Brunt-Vaisilla period is 12 

minutes, 1.1 times the acoustic cut-off period (10.9 minutes) and the velocity of sound is 

675 m/s. These values have been taken from the CIRA-1986 model atmosphere at 45° N at 
200 km altitude for moderate solar and geomagnetic activity. They correspond to a diurnal, 

seasonal and longitudinal average (Rees, 1988, p. 335-336). 

300 
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Figure 1.4 
Gravity wave vertical wavelength, Az, versus period, T,for several values of the horizontal 

wavelength, Ah (indicated in the graph by numbers in km). The Brunt-Viiisiita period is 12 

min., the acoustic cut-off period is 10.9 min., and the velocity of sound is 675 mls. 

Also of interest are the angle between the phase velocity (wave vector) and the 

horizontal plane, <l>P' and that between the group velocity and the horizontal plane, <l>g: 

± (1.22) 
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(1.23) 

For acoustic waves with w >> wg the angles of the phase and the group velocity with the 
horizontal plane are almost equal, as expected. For gravity waves, for which w < wg, 

(1.22-23) illustrate the well-known property that phase and energy are propagating in 
opposite vertical directions (backward waves). In the atmosphere energy transport is 
generally upward, so the phase propagation is generally downward. This explains the so
called 'forward tilt' of the planes of constant phase of gravity waves (figure 1.5). (1.22-23) 
also illustrate that energy flows increasingly in the horizontal direction and phase 
increasingly in the vertical direction, with increasing period (decreasing w) of the gravity 
wave, provided the horizontal wavelength is kept fixed. For large period gravity waves the 
wave vector and the phase velocity are directed almost vertically downward. 

Figure 1.5 
Schematic illustration of the 'forward tilt' of the planes of constant phase of upward 
propagating gravity waves. 

From the polarization relations ( 1.15-17) it follows that for large periods (and 
Az << H) the vertical perturbation velocity w is much smaller than the horizontal 
perturbation velocities. It can be concluded that large period gravity waves are almost 
transversal. 

For gravity waves, the dependencies of <l>P and <l> g upon the period and the 
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horizontal wavelength are illustrated by figures 1.6 and 1.7 for typical values of the 
horizontal wavelength at ionospheric heights. These figures were constructed for the same 
background parameters as figure 1.4. If the period or the horizontal wavelength is 
increased, the vertical component of the group velocity will tend to zero. For the phase 
velocity no such statement can be made. If the period is increased at fixed horizontal 
wavelength, the phase velocity tends to the vertical direction, while, if the period is kept 
fixed and the horizontal wavelength increased, the phase velocity tends to the horizontal 

direction. What happens if both wave parameters are increased, therefore, depends upon 
the order and rate with which they are increased relative to each other, e.g. if the horizontal 
wavelength and the period are increased proportionally, the horizontal component of the 
phase velocity will become more and more dominant. Given a horizontal wavelength, the 
period, T, of the gravity wave can be decreased to a value close to the Brunt-Vaisala 
period, Tg, leading to a more and more horizontal phase velocity ( <I>P- (T-T g)1 12 

) and a 
more and more vertical group velocity ( tan(<l>g)- (T-T gr 112 ). 

90 

60 

1 30 
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Figure 1.6 
Angle between the phase velocity (wave vector) of gravity waves and the horizontal plane, 

4>P' versus their period, T,jor several values of the horizontal wavelength, Ah (indicated in 

the graph by numbers in km). The background parameters are the same as for figure 1.4. 
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Figure 1.7 
Angle between the group velocity of gravity waves and the horizontal plane, cPg, versus 

their period, T,for several values of the horizontal wavelength, Ah (indicated in the graph 
by numbers in km). The background parameters are the same as for figure 1.4. 

Finally, we give expressions for the magnitudes v P and v g of the phase and group velocity: 

v = g 

2 2 2 
cog cos ( <I>p) - co 

2 2 
())a ()) 

(1.24) 

(1.25) 

The dependency of vP and v g upon the period and the horizontal wavelength for gravity 

waves at ionospheric heights are illustrated by figures 1.8 and 1.9. Note that the magnitude 

of the group velocity may be quite different from that of the phase velocity. 
Figure l.lO shows the dependency upon the period and the horizontal wavelength 

of the "horizontal phase velocity", A.Jf=v!cos(<I>p), which is a more interesting physical 

quantity than the horizontal component of the phase velocity vph=vp.cos(<I>p), as we will 
see in following chapters. Figure 1.11 does the same for the horizontal component of the 

group velocity, v gh=v 8.cos(<I>g). These figures are included here for later reference. 
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Magnitude of the phase velocity of gravity waves, vp, versus their period, T,for several 
values of the horizontal wavelength, A.h (indicated in the graph by nwnbers in km). The 

background parameters are the same as for figure 1.4. 
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Figure 1.9 
Magnitude of the group velocity of gravity waves, vg, versus their period, T,for several 

values of the horizontal wavelength, A.h (indicated in the graph by nwnbers in km). The 
background parameters are the same as for figure 1.4. 
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Figure 1.10 
Magnitude of the "horizontal phase velocity" of gravity waves, )4T, versus their period, 

T,for several values of the horizontal wavelength, Ilk (indicated in the graph by numbers in 

km). 
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Magnitude of the horizontal component of the group velocity of gravity waves, v gk• versus 

their period, T,for several values of the horizontal wavelength, Ilk (indicated in the graph 

by numbers in km). The background parameters are the same as for figure 1.4. 
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1. 3 Types and sources of TIDs 

The spectrum of observed TIDs has been characterized by Georges (1968) as comprising 
three distinct categories of waves, large-scale (LSTIDs), medium-scale (MSTIDs) and 

small-scale disturbances (SSTIDs). The principal distinction between them is that the 
horizontal phase velocities of LSTIDs are substantially larger than those of MSTIDs and 
SSTIDs, which are less than the lower atmospheric speed of sound (- 300 m/s). This 
thesis will deal mainly with MSTIDs and SSTIDs. 

LSTIDs have horizontal phase speeds of 300-1000 m/s, periods ranging from 
30 min-3 hr, and horizontal wavelengths exceeding 1000 km. They propagate equatorward 
from the polar regions, where they are supposed to be generated in the auroral zones. 
During the Worldwide Atmospheric Gravity Study (WAGS) campaign of 1985, the 

propagation up to mid-latitudes of an LSTID generated in the auroral zone, was observed 
for the first time (Williams eta/., 1988). 

Three basic processes for the generation of auroral TIDs have been proposed, 
although the relative importance of each is unknown: 
- Joule heating, which occurs when the magnetospheric electric fields drive a large scale 

current, the auroral electrojet, through the high-latitude ionosphere. 

- The Lorentz force that follows from the interaction between the electrojet current and the 
geomagnetic field. 

- The precipitation of energetic particles into the atmosphere near the poles, which also 
causes local heating of the auroral atmosphere. 

MSTIDs have horizontal phase speeds of 100-300 m/s, periods from about 12 min 
to about 1 hour and horizontal wavelengths of several hundreds of km. They occur much 
more frequently than LSTIDs, and their origin is not known, although many possible 

excitation mechanisms have been proposed, such as orographic effects (e.g. Beer, 1974), 

unstable wind shears (Mastrantonio et al., 1980), the terminator (Beer, 1978; Ivanov et al., 
1987; Somsikov, 1987), tropospheric effects (Bertin et al., 1978), breaking of atmospheric 
tides (Kelder and Spoelstra, 1987), non-linear interaction with LSTIDs, etc. Of course the 
aurora may also play a role in their excitation. In chapter 5 the various mechanisms for the 
excitation ofMSTIDs will be discussed more extensively. 

In view of the existing experimental evidence in support of the various possible 
sources, it seems likely that one cannot put forward one single excitation mechanism for 
medium scale gravity waves. Instead one should try to determine the relative importance of 
each mechanism. One possible way to do this, is to perform a climatological analysis of 
wave parameters and see whether climatological characteristics do support or contradict the 
proposed excitation mechanisms. Another way might be to trace the propagation of 
individual AGW s back to their source. The highly variable winds in the middle atmosphere 

1 9 



and lower thermosphere can considerably modify the ray paths of AGWs, but usually not 

much is known about these winds. Only when accurate wind data are available, ray tracing 

of AGWs is feasible. Such data can be obtained from incoherent scatter radar observations. 

SSTIDs have periods of several minutes and wavelengths of tens of kilometers. 
They are, therefore, associated with the acoustic branch of the AGW-spectrum. As to their 

origin equally little is known as for the MSTIDs. 
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1. 4 The response of the ionosphere to acoustic-gravity waves 

The interaction of acoustic-gravity waves with ionization has been amply discussed, e.g. 

by Hooke (1968), Clark et al.(l91l), and Davis (1973). The equation of continuity for the 

electrons can be written as: 

(1.26) 

where Ne is the electron density, ue is the electron velocity, qe the production rate of 

electrons (mainly due to photoionization) and Lethe loss of electrons by recombination. 
The electron density can be split into a more or less stationary background electron 

density, Neo• and a perturbation, ne, due to the passage of the acoustic-gravity wave. 
Assuming that the perturbations in the production and loss factors in (1.26) can be 
neglected, and assuming that the background ionosphere is windless, one obtains for the 

perturbation ne: 

(1.27) 

After Fourier transforming with respect to time and spatial coordinates, one obtains: 

(1.28) 

The perturbed electron velocity ue can be related to the perturbation in the velocity 
of the neutral particles un using a simple phenomenological Langevin type drag model: 

(1.29) 

Here ven is an effective collision frequency, me the electron mass,- e the electron charge 
and B the magnetic field of the earth. ue is readily solved from (1.29) yielding: 

(1.30) 

where b is a unit vector in the direction of the geomagnetic field, and <Oce is the gyro or 

cyclotron frequency of the electrons (-L4 MHz) : 
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(1.31) 

Because only a small fraction of the panicles in the gas is ionized, the velocity of the neutral 

particles approximately equals the velocity of the gas as a whole: Un"'U. The polarization 
relations ( 1.15-17) and (1.30), therefore, determine the perturbation in the electron density 

caused by an acoustic-gravity wave. In the F-region of the ionosphere (above 140 km), 

Ven << illce holds, so (1.30) can be approximated by: 

(1.32) 

Insertion of (1.32) into (1.28) yields the following simple formula for the response of the 

electron density to a passing acoustic-gravity wave: 

(1.33) 

Assuming that the horizontal gradients in the background electron density are negligible, 

i.e. that Nco is a function of z only, (1.33) can be further approximated. Let us denote the 
vertical scale height of the background electron density by He: 

H = e 

Then it follows from (1.33) that 

under the condition: 

(1.34) 

(1.35) 

(1.36) 

The denominator (b.ez) in (1.36) equals- sin(Ib) , where Ibis the magnetic inclination, the 

angle between the horizontal plane and the magnetic field vector, measured positively 
downward. It is common practice to use Ib instead of the zenith angle of the geomagnetic 

field, Zb, which is equal to rt/2 + lb. Approximation (1.35) implies that there is no 

response to acoustic-gravity waves with wave vectors perpendicular to the geomagnetic 
field. The condition (1.36) is, however, fulfilled only if the wavelength of the acoustic

gravity wave in the direction of the geomagnetic field is large compared to the scale height 
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of the background electron density (of the order of 50 km), which is certainly not always 
the case. If the condition (1.36) is not satisfied, the response of the electron density to a 
passing acoustic-gravity wave is not directly proportional to the background electron 

density anymore. 
Below the F-region in the ionosphere, Yen<< Olce does not hold anymore, and, 

therefore, variations of Un perpendicular to the geomagnetic field can not be neglected, so 
the full expression (1.30) should be used in the relation (1.28) between ne and Ue. For 
studying the response in the total electron content, the approximation Yen<< roce can be 
made, since the bulk of the electrons resides in the F-region (figure 1.1 ). 

The effects of photoionization, chemistry and diffusion were discussed by Clark et 

al. (1971). Although surely there are cases where the simple model (1.33) fails, it is a 
useful model for further study of the observational biases in the response of the total 
electron content and for the interpretation of the observed spectra. 
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CHAPTER 2 

OBSERVATIONAL TECHNIQUES 

2.1 Introduction: Refraction and absorption of radio waves 
propagating through the atmosphere 

In this section we derive expressions for the refractive index and the absorption coefficient 
for propagation through the earth's atmosphere of radio signals with frequencies in the 
range 100 MHz-1 GHz. 

The refractive index for such radio waves differs noticeably from 1 in the 
ionosphere, due to the presence of electrically charged particles, and in the troposphere, 
where the gas density is much larger and where water vapour and carbon dioxide are 
present. The refractive index in the ionosphere is inversely proportional to the square of the 

frequency of the radio signal ( -f -2), while the tropospheric refractive index is frequency 

independent. The refractive index in the troposphere ntrop is given by (Bean and Dutton, 
1966): 

(2.1.1) 

Here Pd is the partial pressure of the dry gases in the atmosphere, Pw the partial pressure of 
water vapour and T the temperature. Zd and Zw are the compressibility factors for dry air 
and water vapour. The p/T dependence in (2.1.1) stems from the fact that refraction is 

proportional to the density of the refracting gas molecules. The additional T -I in the third 

term of the right hand side of (2.1.1) is due to the dipole character of water molecules. 
Sometimes also a contribution from carbon dioxide to ntrop is included, but this 
contribution can usually be neglected, because the partial pressure of carbon dioxide is 
approximately only 3.10-4 times the total pressure p. The coefficients Ki have been 

determined empirically. Thayer (1974) gave the following best estimates: 

K1 = 77.60 ± 0.014 (K/mbar) 

K2 = 64.8 ± 0.08 (K I mbar) (2.1.2) 

K3 (3.776 ± 0.004) x 105 (K2 I mbar) 

K2 approximately equals K1, and the compressibility factors Zd and Zw are approximately 
1. Hence (2.1.1-2) can be approximated by (Crane, 1976): 

-6 ( P 5 Pw] ntrop'"" 1 + 10 77.6- + 3.78 x 10 - 2 T T 
(2.1.3) 
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where p and Pw are expressed in millibars. The first term within the square brackets in 
(2.1.3) is much larger than the second term. Substitution of the realistic ground values 
p=lOOO mbar and T=290 K yields an upper bound of 2.7x10-4 for (ntrop-1) in the 
troposphere. 

The range error &lrop due to tropospheric refraction can be expressed as: 

LlLtrop= I ntropds-I dsn= I<ntrop-l)dso+{Intropds-I ntropdso) (2.1.4) 
ray straight straight ray straight 

line line line 

where ds is a path element along the ray and dSo is a path element along the straight line 
between receiver and transmitter (the unperturbed ray). In appendix 2.A it is shown that the 
term in brackets on the right hand side of (2.1.4), which represents a correction for the 
bending of the ray, is proportional to (n-1 )2 if the refractive index n is close to unity 
everywhere. In the troposphere this condition is fulfilled as we showed above. Below we 
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Figure 2.1 
Mean range error values and its root-mean-square (RMS) deviations as a function of 
elevation. The solid curves give these quantities for several data sets obtained at Albany, 
New York. The dashed curves represent the range error obtained from the CRPL model 
atmosphere for extreme values. The dotted-dashed line is the cosecant, which is a suitable 
approximation of the results for large elevation angles. Taken from Crane ( 1976) . 
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will show that it is also fulfilled in the ionosphere for the radio frequencies we consider. 
Note that the range error for a path through the troposphere will be roughly proportional to 
the cosecant of the zenith angle of the ray. Figure 2.1 shows the mean range error and the 
root mean square deviation as a function of the elevation of the ray for a dataset stretching 
over all seasons (Crane, 1976). It is clear from this figure that tropospheric refraction 
effects may be quite considerable. For rays in the zenith direction the mean range error was 
about 2.35 m with a standard deviation of 3-9 em. 

In the case of radio interferometry one subtracts the phases of two signals that 
propagate along almost parallel rays separated by a small distance (e.g. 3 km). Hence only 
the gradients in the gas density and the sphericity of the atmosphere will play a role. In 
radio interferometry the dominant contibution to the tropospheric refraction error usually 
stems from the gradient in the water vapour content (Resch, 1984), which may be caused 
by e.g. tropospheric turbulence, waves or clouds. Such water vapour content variations are 
of the order of several tenths of percents, leading to range errors of the order of mm. It 
turns out that the error due to tropospheric refraction becomes negligibly small in 
comparison with that due to ionospheric refraction at wavelengths ~30 em. 

In the case of the differential Doppler technique tropospheric refraction can be 
neglected, since frequency independent refraction factors do not contribute to the final data, 
as will be shown in section 2.3. 

-
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Figure 2.2 
Attenuation values, measured at a pressure of 1 atmosphere and a temperature of20°C, as 

afunction of wavelength; after Bean and Dutton (1966,p276). 
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Apart from refraction also some absorption and emission takes place in the 

troposphere. At decimeter wavelengths the absorption by molecular oxygen and water 
vapour probably dominates other absorption processes like those by rain and fog. Figure 

2.2 shows attenuation values measured at a pressure of I atmosphere and 20 °C as a 

function of wavelength (Bean and Dutton, 1966, p.276). A typical value for the attenuation 
at decimeter wavelengths is 0.01 dB/km. This means that the power is reduced by at most a 

few percent. The emission is even smaller than the absorption. 

Refraction in the ionosphere is due to the fact that the ionosphere is a magneto-ionic 
medium. The main contribution comes from the electrons because they are more mobile 

than the heavier ions. The complex refractive index in the ionosphere, Ilion• is given by the 
Appleton-Hartree formula (see e.g. Yeh and Liu, 1972, p.187): 

112 = 1- _______ r=x======= 
,...ion (2.1.5) 

-2 2 

1 
_ Y sin (K) ± 

2 (1- X) 

-4 . 4 
-y2 2( ) Y sm (K) cos 1C + ------'---'-:-

4(1-xl 

Here JC is the angle between the geomagnetic field and the wave vector of the signal. The 

overbar implies division by the absorption factor (1 - i Q). X, Y and Q can be expressed 
into the ratios between the characteristic frequencies of the medium and the angular 
frequency of the signal, w (throughout this thesis angular frequency is denoted by w and 

frequency by f=ro/27t): 

(J)cc 
Y=

w 
Yen 

Q=-
(J) 

(2.1.6) 

Here v en is the effective collision frequency between electrons and neutral particles. roP is 

the plasma frequency and wee is the electron gyrofrequency (or the cyclotron frequency). 
These are given by : 

eB 
(J) =

cc m 
c 

(2.1.7) 

In (2.1.7) e is the electron charge, me the electron mass, B the magnitude of the 

geomagnetic field, Ne the electron density, and Eo the vacuum permeability. The refractive 

index (2.1.5) shows that two characteristic waves can propagate in the plasma: they are 

called the ordinary oro-component(+ sign) and the extraordinary or x-component (-sign). 
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We will write the complex refractive index in the ionosphere, Ilion• as: 

(2.1.8) 

where nion is the real part of the refractive index in the ionosphere and a.ion the absorption 
coefficient. 

At mid-latitudes the plasma frequency fP ~ 15 MHz, the electron gyro frequency 
fee "' 1.4 MHz and the collision frequency v en "S 104 s-1• Hence X "S w-2, Y '$ 10-2 and 

Q -s 10-4 . This means that when evaluating the real part of the refractive index, ni, Q can 

be neglected, i.e., overbars in (2.1.5) can be omitted. Since X<< 1 and Y << 1, the 
second term in the square root of (2.1.5) will dominate unless 21cos(K)I sin-2(K);:::: Y. For a 

signal frequency f of 150 MHz this inequality, is satisfied only if lt<:-90°1 '$ 0.8°, i.e., the 

signal path is almost perpendicular to the geomagnetic field. Otherwise, one obtains the 
refractive index for quasi-parallel propagation: 

n~ = 1 
IOfl 

X (2.1.9) 
1 ± Y cos(K) 

Using the inequalities one can simplify the real part of the ionospheric refractive index one 

step further to arrive at the final result: 

n. "'1-..!._x 
!Ofl 2 1- C N r-2 

e e (2.1.10) 

with 

Ce e2(81t2me£0)-
1 = 40.308 m3(Hz)2 (2.1.11) 

The critical frequency of a ionospheric layer (cf. section 1.1) is the frequency for 
which the refractive index (2.1.5) vanishes at the height of the maximum in the electron 

density, N e,max• in that layer. Signals with frequencies below the critical frequency of a 
layer will be reflected by that layer. Near the critical frequency the conditions X<< 1, 
Y << 1 that yielded the approximation (2.1.9) are not valid anymore, but Q << 1 still 

holds. From (2.1.5) it follows that the critical frequency of the ordinary component, f0 , is 

determined by X=l, while the critical frequency for the extraordinary component, fx, is 
determined by X=l-Y. Using furthermore (2.1.6-7) one finds f 0 and fx are respectively 

given by: 

(2.1.12) 
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(2.1.13) 

The critical frequency of the ordinary component, f0 , equals the maximum plasma 
frequency of the layer, fp,ma.JP while the critical frequency of the extraordinary component 
is somewhat larger depending upon the strength of the geomagnetic field. The 

approximation in (2. 1.13) holds only if fee<< f0 =fp,max. At mid-latitudes fee"' 1.4 MHz, 
so iff0 is significantly larger than 1.4 MHz, fx will be about 0.7 MHz larger than f0 . For 
the Fz-layer at mid-latitudes the critical frequency of the ordinary component, denoted by 
f0 F2, varies from about 4 to 15 MHz during daytime and from about 1 to 4 MHz during 
night-time. During daytime the approximation in (2.1.13) is satisfied for the F2-layer and 
therefore the critical frequency of the extraordinary component fxF2= f0 F2+ 0.7 MHz. The 
electron density maximizes in the F2-layer, so these are also the critical frequencies of the 
ionosphere as a whole. They limit the frequency range that can be used for radio 

communications on the upper side. The maximum electron density of the F2-layer, which 
can be evaluated from f0 F2 using (2.1.12), is denoted by NmF2 and the corresponding 
height is denoted by hmF2. Similar symbol conventions are in use for the other layers. 

The radio frequencies used for the observations that are discussed in this thesis are 
150 and 400 MHz (differential Doppler, section 2.3), and 327 and 608 MHz (radio 
interferometry, section 2.2). These frequencies are much larger than the critical 
frequencies. From (2.1.10-11) it follows that: 

n. - 1 - w-2 to 10-3 
wn 

for our differential Doppler observations 

(2.1.14) 
n. - 1 - 10-3 to 10-4 

1on for our radio interferometrical observations 

In evaluating the phase path in the subsequent sections 2.2-3, we will use that nion-1 is 
small to prove that the effect of bending of the ray can be neglected (appendix 2.A). 

The ionospheric absorption index aionis found by evaluating the imaginary pan of 
(2.1.5) and applying the same approximations as in the derivation of the expression for the 
real pan of the refractive index: 

- 1tXQ Q 
(lion - [ . 2 2] "" 1t X 

nion (1 ± Y cos(K)) + Q 
(2.1.15) 

Finally insenion of (2.1.6-7) into (2.1.15) yields: 
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(2.1.16) 

The effective collision frequency between electrons and neutral panicles, ven• below 150 

km is sketched in figure 2.3 and is found to vary from about 104 s-1 at 110 km to 108 s-1 at 

50 km. Kinetic theory and empirical results are found to agree well below 140 km (Thrane 

and Piggott, 1966; Vodolazkin et al., 1983). The most important contribution to ven comes 

indeed from this altitude range. In the F-region above 140 km simple kinetic theory predicts 

collision frequencies of about 102-103 s-1
• Measured values may be a factor 2 to 6 larger 

than the theoretical ones, especially above 180 km (Vodolazkin et al., 1983). This 

discrepancy may be due to a difference between the electron and neutral gas temperatures. 

The ionospheric absorption Aion in dB can be evaluated as: 

A ion (dB) 8.68 f 
c 

observer observer 

J a.ion ds = 1.17x10-
6

1 2 J VenNe ds (2.1.17) 

source source 

The dominant contribution to the absorption Aion comes from the E- and D-region, 
although the electron density is roughly a factor 100 smaller than in the F-region. Routinely 

performed absorption measurements on reflected signals in the frequency range 1.5-4 MHz 

yield typical values of Aion·f2 of 60-200 dB(MHz) 2 around noon. For radio signals with 

frequencies larger than 100 MHz, as used in the present investigation, absorption can be 

neglected. 
150 

130 

'E 110 

=-
E 
Ol 
(j) 90 ::X: 

Figure 2.3 
Variation with altitude of the effective frequency of collisions between electrons and neutral 

particles venin the lower ionosphere (from Thrane and Piggott, 1966) 
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2.2 Radio interferometry 

The Westerbork Synthesis Radio Telescope (WSRT) is a radio interferometer array located 

in the northeastern part of the Netherlands (53° N, 7° E). It consists of 14 radio telescopes 

with diameters of 25 m placed along an east-west line (see figure 2.4). In this study we 
consider observations at 608 MHz (49 em) and 327 MHz (92 em). The primary beam 

width of an individual radio telescope in the WSRT array is 1. 0 38 at 49 em and 2. 0 56 at 
92 em. A detailed description of the WSRT is given by Baars eta!. (1973), Hamaker 
(1978) and Bos et al. (1981). 

WEST 

0 2 3 4 5 6 7 8 9 A 8 

xxxxxxxxxx~w 

l.,.:t----~:;__3:;__:_:_4_~_a=_1_2-~6_m __ I ________ J .. a J:2 ~ 

Figure 2.4 
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Schematic description of the Westerbork Synthesis Radio Telescope (WSRT). It consists 

of 14 steerable parabolic antennas with diameters of 25 m in an east-west array. Ten of 
these are at fu:ed positions at 144m intervals ,four can be moved on rails. The largest 

distance between two telescopes is 2772 m, the smallest 36m. 

For calibration of the WSRT observations, measurements on intense isolated 
sources of small spatial extent are done each day. The observing times of these calibration 
sources vary from several minutes to 12 hours. For such sources one knows that the phase 

front of the signal should be perfectly flat and that the amplitude should be constant. In 

practice the phase will vary due to ionospheric and tropospheric refraction. Similarly the 
amplitude will vary due to ionospheric and tropospheric refraction and absorption, and 

tropospheric emission. We will first discuss ionospheric refraction and in this we will 
follow the derivations given by Hagfors (1976) and Spoelstra (1983). The decrease in 

phase path observed by a single dish radio telescope due to ionospheric refraction, lPion• is 
given by: 
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Telescope Source 

ll>ion = 21t-cf J (nion- 1} ds = _4_e_z_f_ J Ne ds 
xmeEo c 

Source Telescope 

where we have used (2.1.10-11). The path element ds can be expressed as: 

dr 
ds=---

cos (Z(r)) 

(2.2.1} 

(2.2.2) 

where r is the vector from the centre of the earth towards a point along the ray and r its 
length. Z(r) is the zenith angle of the ray in r. It will be assumed that the ray is a straight 
line. Corrections due to bending will be of order O([nion-112), as is shown in appendix 
2.A (see also Weenink (1987) and Leitinger (1987)). Sin<;e (nion-1) -10-3 (2.1.14), the 
bending of the ray can be neglected for our purposes. In asti'ometry it cannot be neglected. 
An expression for the phase error due to refraction including the effect of ray bending was 
derived by Komesaroff (1960). 

The zenith angle Z hardly varies along a straight line in the ionosphere (the part of 
the ray path where the refractive index differs from 1), so we may approximate 
Z(r) ""Zion:::: constant. For Zion we will use the value of the zenith angle at a height of 350 
km, which is about the mean height of the ionosphere. 

The change in the phase difference due to ionospheric refraction, 1\lj>ion• observed 
by a radio interferometer with dishes in r 0 and r 0 +LR11 can now be expressed as: 

e
2 

Lru a [ 1 Joo ] . r +L I - . r "" - N dr ll>wn( o RI ) IJ>1on( o) 4 f at (Z. ) e 1tmefo C COS 10n 
ro (2.2.3) 

In (2.2.3) I is a unit vector in the direction of the interferometer (east-west for the WSRT) 
and LRI its baseline length. Note that the phase error given by (2.2.3) is proportional to the 
baseline length of the interferometer and inversely proportional to the frequency of the 
signal. The scaling with baseline length can be used to reduce the "noise" caused by 
irregularities of spatial scales smaller than the largest baseline length, by averaging over the 
baselines (Mercier, 1986). The frequency scaling can allow one to distinguish ionospheric 
from tropospheric refraction if the observations are made at multiple frequencies. Our 
observations were single frequency measurements, but the frequency was small enough to 
be sure that ionospheric refraction effects dominate, as we will argue below. 

We will mainly be interested in variations of the interferometer phase at rime scales 
of several minutes to an hour (due to travelling ionospheric disturbances, TIDs). Such 
rapid variations are superposed upon the slow variation in interferometer phase that is 
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caused by the change in the zenith angle Zion in (2.2.3) and that will not be considered 

here. Note that the variation of Zion should be taken into account if one wants to correct 
radio interferometric observations for ionospheric refraction. 

In section 2.1 we showed that the range error due to tropospheric refraction, which 
is frequency independent, amounts to about 2.3 m, i.e. several cycles at an observational 

wavelength of 49 em. The corresponding error in the phase difference observed by an 
interferometer is much less. It turns out that the variations of the phase difference observed 
by an interferometer on time scales of several minutes up to several hours due to 
tropospheric refraction are mainly caused by water vapour content fluctuations (Resch, 
1984). Armstrong and Sramek (1982) analysed an extensive dataset of simultaneous radio 
interferometrical and water vapour radiometer observations. They found that the water 
vapour fluctuations cause root mean square fluctuations in the phase difference observed by 
a radio interferometer that are about <LRr(km)/35)0·7 rad at an observational wavelength of 
6 em. At an observational wavelength of 49 em the corresponding root mean square phase 
fluctuations with a baseline of 2.7 km (the maximum baseline length of the WSRT) will 
amount to about 1.3°. Characteristic values of the peak-to-peak amplitudes of TIDs are 
larger than 4° at 49 em (section 3.2-3). It follows that, at observational wavelengths of 49 
em or more, observations of TIDs will usually not be hampered by the refractive index 
variations that are due to tropospheric water vapour content fluctuations. 

The zenith angle Zion in the ionosphere can be expressed in the geographical 
longitude and latitude of the observer, Ao and ~0 ; the declination and the hour angle of the 
radio source, 0 and t; and the radii of the earth and the ionosphere, re and rion· r ion equals 
re+ <z>, where <z> is the mean ionosphere height, i.e., the mean height of the distribution 
of electrons. The zenith angle of the line-of-sight towards the radio source in the 
ionosphere (at height <z> ), Zion• is related to the zenith angle of the line-of-sight at the 
observer, Z0 , as (see figure 2.5): 

(2.2.4) 

while the zenith angle Z0 of the source at the observer is given by: 

cos(Z0 ) =cosO)) cos(t) cos(~0 ) + sin(O) sin(~0 ) (2.2.5) 

Finally, we give expressions for the quantities describing the position and the 
motion of the ionospheric point, which is defined as the point of intersection between the 
line-of-sight (ray) and the ionosphere (a sphere with radius rion). The azimuth of the line-of
sight towards the radio source at the observer, Az0 , is determined by the following two 
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equations: 

. (A ) __ cos(o) sin( t) 
Slfl z0 - '(Z), Slfl 0 

sin(o) cos(~0)- cos(o) cos(t) sin(~0) 
cos(AZo) = 

sin(Z0 ) 

(2.2.6) 

(2.2.7) 

Here and in the following we use the convention that azimuth is measured clockwise from 

the north. 

Zenith observer Zenith ionospheric point 

Figure 2.5 
Geometry in the plane defined by the source of the radio signal, the observer and the centre 

of the earth. Z0 is the zenith angle of the line-of-sight at the observer, Zion that in the 

ionosphere. Yion=Z0 -Zion is an auxiliary angle. re and rion are the radii of the earth and the 
ionosphere. 

The auxiliary angle Yion =Z0-~on (see figure 2.5) is determined by: 

(2.2.8) 

cos(yion) (2.2.9) 
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The latitude of the ionospheric point Pion is then given by: 

(2.2.10) 

and its longitude Aton is again determined by a set of two equations: 

(2.2.11) 

(2.2.12) 

Note that the given value of the mean radius of the ionosphere, rion• strongly affects the 

values found for the latitude and longitude of the ionospheric point, Pion and "-ion· In figure 
2.6a the trace of the ionospheric point in geographical coordinates is sketched for 
observation with the WSRT of some radio sources and for a mean ionosphere height of 
350 km; and in figure 2.6b for a mean ionosphere height of 250 km. In reality the mean 
ionosphere height ranges from 300 to 400 km. 250 km is not a realistic mean ionosphere 
height, but it is shown here because it may be close to the mean wave height, the mean 
height of the perturbation of the ionospheric electron density due to acoustic-gravity waves 
(see section 4.4 ). 

In figure 2.6 only the part of the traces where the radio source is visible for the 
WSRT is drawn. Only sources with declinations larger than 90°-Po are always above the 
horizon. For the WSRT (53° N) this means that only radio sources with declinations larger 
than 37° N can always be observed. 

Figures 2.7 and 2.8 show the variation of the ionospheric zenith angle, Zion• and of 
the azimuth of the line-of-sight, Az 0 , with hour angle. The hour angle of radio sources 

varies by 0.25 °/min as the earth rotates. Due to the sphericity of the earth, the ionospheric 
zenith angle at a height of 350 krn cannot take values larger than about 71°. For radio 
sources with declinations greater than the latitude of the observer, Po• the azimuth of the 
line-of-sight can take values with only a limited interval around north (0°), although they 
are visible all of the time. For the radio sources with a declination in between the latitude of 
the observer, Po• and 90°-p0 , the azimuth can take all possible values. If the declination of 
the radio source is smaller than 90° -p0 , the azimuth can take only values within a limited 
interval around south (±180°), because the source is not always above the horizon. 
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Figure 2.6 
Traces of the ionospheric point (the point of intersection between line-of-sight and the 
ionosphere) in geographical coordinates ( ..:tion• Pion) for some radio sources that are 
frequently used to calibrate the WSRT at an observational wavelength of 49 em. In a) the 
height of the ionosphere was assumed to be 350 km (realistic), and in b) 250 km 
(unrealistic, see text) to illustrate the height dependence. 
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Figure 2.7 
Variation of the ionospheric zenith angle, Zion• with hour angle, r,for the sources in figure 

2.6. The assumed mean ionosphere height was 350 km. 
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Figure 2.8 
Variation of the azimuth of the line-of-sight at the observer, Az 0 , with hour angle, r,for the 

sources in figure 2.6. Az0 has been expressed in degrees east from north. 
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Also of interest, if one wants to study waves propagating through the ionosphere, 

is the velocity of the ionospheric point. The hour angle changes by the amount of dt/dt = 

0.25 °/min for all stellar sources. The derivatives of various quantities with respect to hour 

angle 't are readily evaluated. From (2.2.5-6) one obtains for the zenith angle and azimuth 

at the observer: 

(2.2.13) 

For the auxiliary angle Yion one obtains from (2.2.8-9): 

(2.2.15) 

For the latitude and longitude of the ionospheric point, ~ion and A.ion• one has from 
(2.2.7-10): 

[ sin(Yion) sin(AZo) cos(~0) dAZe + 
d't (2.2.16) 

(2.2.17) 

sin(Yion) sin(Az0 ) tan(~ion) d~ion ] cos-1 (~ion) cos-1(A.ion-A0 ) 

d't 

The velocity of the ionospheric point, vion• is then given by: 

( d~ion) 2 +(cos(~· ) )2 d't 
d't ton d't dt 

(2.2.18) 

Figure 2.9 shows the variation ofvion with hour angle 't for some radio sources, and for a 
mean ionosphere height <z> of 350 km. The velocity of the ionospheric point can become 

as large as the phase velocity of medium scale gravity waves, which is typically about 200 
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rn/s. For some of the sources, it can also become as large as the velocity of the solar 
terminator, the boundary between the sunlit and dark pan of the ionosphere, which is about 

300 rn/s at an altitude of 350 km at 53° N. This means that one cannot unambiguously 

identify the observed apparent period of waves at ionospheric heights with the period of 

these waves. In the climatological analysis of WSRT observations, in section 3, we will 

include only observations where vion is less than 50 rn/s. 
If one tries to correct for refraction by the background ionosphere with the help of 

an ionospheric model, the motion of the ionospheric point is also important. If a horizontal 
gradient in the electron density exists, the observed variation of the interferometer phase 

can be seriously affected by this motion. For example, the almost east-west gradient that 

exists across the moving solar terminator, may have effects that are increased by 20 % due 
to the motion of the ionospheric point. 
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Figure 2.9 
Variation of the velocity of the ionospheric point, vion' with the hour angle, -r, for the 
sources in figure 2.6. The assumed mean ionosphere height was 350 km. 
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2.3 The differential Doppler technique 

2.3.1 Historical perspective 

The Doppler shift of radio signals is being used for systematic research of the ionosphere 

since the fifties (Seddon, 1953). After the first artificial satellites were launched, it was 
soon pointed out that the Doppler shift of their signals could be used for ionospheric 
research. One could easily observe that the frequencies of about 20 MHz, which were used 
in the beginning, were shifted not only by kinematic effects but also by ionospheric delay. 
The calculation of the satellite orbits and the frequency stability of the signals were, 
however, insufficiently accurate to enable reliable estimates of ionospheric parameters. 

The use of Doppler shift observations for ionospheric research became feasible 
when satellites transmitting two coherent radio signals at different frequencies were 
launched. Probably, Ross (1959), who used signals at frequencies of 20 and 40 MHz of 

Sputnik ITI, was the first to consider the so-called differential Doppler effect. At that time 
one considered frequency shifts as the principal quantities from which the ionospheric 
parameters were to be derived. However, the quantity that is measured directly is the phase 
of the radio signals. Garriott and Nichols (1961) showed that this quantity already contains 
the desired information, which simplifies the required analysis. Shortly later, De Mendon~a 
developed the frrst evaluation scheme for the calculation of the total electron content (TEC), 
the number of electrons in a tube with unity cross section along the line-of-sight from the 

radio source to the observer, from the phases of two radio signals (De Mendon~a. 1962). 
The introduction of the term "differential Doppler effect" is attributed to both De Mendon~a. 
and Garriott and Nichols. 

Since 1967 the signals of NNSS-satellites (Navy Navigation Satellite System) can 
be used for ionospheric research by the differential Doppler method. These satellites move 

in almost circular, polar orbits at an altitude of about 1100 km. There are always 5 to 7 
satellites operational that coherently transmit two signals at frequencies of 149.988 and 
399.968 MHz (the frequency ratio is exactly 3: 8). Leitinger and Putz (1978) developed 
schemes for the evaluation of the total electron content as a function of latitude for 
experimental configurations consisting of either one station or two stations, that are at 
approximately the same longitude and widely separated in latitude, and that are both 
monitoring the same NNSS-satellite signal. 

2. 3. 2 Principles of the differential Doppler technique 

In this section we derive the basic formulas relating the ionospheric total electron content 
(TEC) to the differential Doppler phase for NNSS-satellites, following Leitinger and Putz 
(1978). 
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We first consider the case of a satellite that does not move relative to the observer. 

In the approximation of geometrical optics, the phase ljl(t) of the satellite signal that the 
receiver observes at time t can be written as: 

(2.3.1) 

Here c is the velocity of light in vacuum, f the frequency of the transmitted radio signal, 
and Lop the optical path length between the satellite and the observer. ljl5(t) is the phase of 
the signal at the satellite at timet, which is related to the phase at time to by: 

(2.3.2) 

The optical path length between the satellite and the receiver, Lop• is the sum of L0, the 
optical path length between the satellite and the observer if no refraction would take place 
(the geometrical distance), and ALtrop and ALion• the contributions to the optical path 
length due to tropospheric and ionospheric refraction: 

(2.3.3) 

ALtrop is given by (2.1.4) and ALion by a similar expression. It was argued in section 2.1 
that the bending of the ray in the troposphere resp. ionosphere can be neglected for our 
purposes (below 2.1.4 resp. 2.1.14) , so the factors in (2.3.3) can be expressed as: 

Observer 

L0 J ds0 

Satellite 

Observer 

ALtrop"' J (ntrop-1) dso 
Satellite 

Observer 

A Lion "" I (nion -1) dso 
Satellite 

(2.3.4) 

The tropospheric index of refraction n trop (2.1.1-3) does not depend upon the 
frequency, f, while the ionospheric index of refraction nion (2.1.10), and with it also 

ALion• is proportional to t 2
• 

In practice one observes the phases ljl1 and ~ of two signals with frequencies m 1 f8 

and m2f8, where m1 and m2 are whole numbers and f 8 is the fundamental frequency.The 
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essential point of the differential Doppler technique is that one considers the weighted phase 

difference A$: 

(2.3.5) 

Contributions to $1(t) and $2(t) that are proportional to the frequency, f, will be cancelled 

when the weighted phase difference, A$, is evaluated. In fact, substitution of (2.3.1-4) and 
(2.1.10) into (2.3.5) for each of the two frequencies yields for the so-called differential 

Doppler phase: 

(2.3.6) 

where Sis the slant (oblique) total electron content along the line-of-sight from the observer 
to the satellite, and C0 and A$0 are constants: 

Sa!ellite 

S J Ne ds0 (2.3.7) 

Observer 

(2.3.8) 

ml m2 
(2.3.9) 

C0 is an instrumental constant that depends only upon the two chosen frequencies, and that 
is equal to 1.6135xl0-15 m2 for the NNSS-satellites. A$0 is a phase constant that is 

determined by the initial values of the phases of the two signals. Therefore, for a satellite 

that does not move relative to the observer (and the ionosphere) A$ does not depend upon 
time, as was already anticipated in the notation (2.3.6). 

In case the satellite moves relative to the observer, both signal frequencies will be 

Doppler shifted and the optical path length, Lop• will vary as a function of time because the 
satellite position varies. However, the contributions to the differential Doppler phase that 

involve L0 and AL1rop still cancel if the satellite is allowed to move. If v sat// is the 
component of the velocity of the satellite that is parallel to the line-of-sight from the 
observer to the satellite, the correction factor for Doppler shifting of the frequency is of the 

order v satltfc $ v saJc = 2.5x 1 o-s for the NNSS-satellites. This means that the variation of 
C0 during a satellite pass is negligibly small. Hence, the variation of the differential 

Doppler phase during the satellite pass is almost entirely due to the variation of the slant 

total electron content S in (2.3.6). Note that the traditional use of the adjective "Doppler" is 
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confusing, because the actual Doppler shift of the transmitted frequency contributes hardly 

to the variation of the "differential Doppler phase",~<!>-

Even if the ionospheric electron density does not vary with latitude, longitude or 

time, the slant total electron content S will vary considerably during a satellite pass 

because the path length through the ionosphere varies with the varying zenith angle Zion of 

the line-of-sight in the ionosphere. In fact: 

(2.3 .10) 

where V is the vertical total electron content above the observer. In the following we will 

call V the total electron content or TEC. For a mean ionosphere height of 350 km the 

ionospheric zenith angle Zion $ 71 ° because of the sphericity of the earth, SO COS-I (Zion) 

may vary from I to about 3. 

The NNSS-satellites have orbits that are approximately north-south, and the 

duration of a pass is less than 20 minutes. During such a time-interval the vertical total 

electron content is not liable to change much, unless the observation coincides with sunrise 

or sunset. Therefore, it should in principle be possible to determine the latitudinal 

behaviour of vertical total electron content at a fixed time and longitude from the differential 

Doppler phase recorded during an NNSS-satellite pass. In the next section, we will show 

how the satellite position is evaluated from the satellite orbital parameters. In the 

subsequent section, expressions will be derived for the position of the point of intersection 

between the line-of-sight and the ionosphere, and for the zenith angle of the line-of-sight at 

that point. Finally, we will outline the evaluation schemes we used to obtain the latitude 

dependent TEC from the differential Doppler phases. 

2.3.3 Evaluation of the satellite orbit and the ionospheric point along the 
line-or-sight 

The orbital parameters of the NNSS-satellites are included in the transmitted data. They are 

listed in table 2.1. The meaning of most orbital parameters is illustrated by figure 2.10. 

The evaluation of the satellite orbit starts off by deducing the day, Dayp, and the 

time, tp, of the first perigee after the last injection from~~. Dayinj and tinj· The mean 

anomaly of the satellite at timet, Ctn,, is then given by: 

(2.3.11) 

The eccentric anomaly, ac, has to be solved from the transcendental Kepler's equation: 

(2.3.12) 
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Table 2.1 
The orbital parameters that are contained in the transmitted NNSS-satellite data . 

time of the first satellite perigee after the last injec tion of the orbital 

parameters (in minutes UT, universal time). 

mean angular velocity of the satellite (in degrees/minute). 

argument of the perigee at~ (in degrees). 

es 

as 

absolute value of the precession rate of the perigee (in degrees/minute). 

eccentricity of the orbital ellipse. 

en(~) 

e~ 

mean semi-major axis of the orbit (in km). 

right ascension of the ascending node at ~(in degrees). 

precession rate of the ascending node (in degrees/minute). 

cosine of the inclination of the orbital plane. 

sine of the inclination of the orbital plane. 

Greenwich apparent sidereal time at ~ (in degrees). 

cos(I0 ) 

sin(I0 ) 

GAST(~) 

Dayinj 

tinj 

sequential number of day in year of the last injection of satellite orbital data. 

time of the last injection of the satellite orbital data (in minutes UT). 

The solution of (2.3.12) can be expressed as a Fourier series: 
00 

(XC = (Xm + I ck(es) sin (k<Xm) 

k=1 

(2.3.13) 

where each of the coefficients ck can be expressed in terms of the k-th order Bessel 

function of the first kind Jk: 

(2.3.14) 

The coefficients ck(e5) can be expanded in power series with respect to e 5 (Abramowitz and 

Stegun, 1970, p.360): 

I 3 1 5 c 1 = e - - e + - - e + s 8 s 192 s 

_1_ 3 _ _12_5+ 
c3 - 8 es 128 es (2.3.15) 

125 5 
c 5 = 384 es + 
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For our purposes it suffices to evaluate terms up to the 6th order in es, since the series 

(2.3.15) are rapidly converging for the NNSS-satellites because of the small eccentricity of 

their orbits (es < 0.02). 

z 

X 
Orbit 

Figure 2.10 
Schematic representation of the orientation of the satellite orbit relative to the equatorial 

plane of the earth. The angles that determine the orientation of the orbital ellipse and the 
satellite position are indicated (see table 2.1 for nomenclature). Right ascension, On, is 
measured relative to the position of Aries, r 

The true anomaly, a:1, which gives the actual position of the satellite in the ellipsoidal orbit 

(figure 2.10), is related to the eccentric anomaly <Xe by: 

at = 2 arctan ( tan (~e)) (2.3.16) 
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The distance of the satellite to the centre of the earth, r5, is given by : 

(2.3.17) 

The angles that determine the orientation of the orbit (figure 2.10, table 2.1) also have to be 
evaluated for time t: 

(2.3.18) 

(2.3.19) 

(2.3.20) 

Here roe= 7.2921xl0-5 rad/s is the rotation rate ofthe earth. 

Before proceeding with the evaluation of the satellite position, it is convenient to 

introduce the auxiliary angle Aa: 

(2.3.21) 

The geographical latitude of the satellite, ~5E [0,1t), can then be expressed as: 

(2.3.22) 

and its geographical longitude, A5E [0,21t), is determined by a set of two equations: 

(2.3.23) 

(2.3.24) 

Now that we know the geographical latitude and longitude of the satellite, we can 

evaluate expressions for the zenith angle and the azimuth of the line-of-sight towards the 

satellite at the observer. It is useful to define an auxiliary angle, y sE [0,1t), for this purpose 
(see figures 2.11-2.12). It is determined by: 

(2.3.25) 
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The zenith angle of the line-of-sight at the observer, Z0 E [0,1t), is then given by 
(see figure 2.12): 

(2.3.26) 

Here re is the radius of the earth, or more precisely, the distance of the observer to the 
centre of the earth. The distance from the satellite to the centre of the earth, r5 , is given by 
(2.3.17). 

The azimuth of the line-of-sight at the observer, Az 0 E [0,21t), is determined by a set 
of two equations: 

sin(A,s -A0 ) cos(f35 ) 

sin(y 5 ) 

North pole 

Figure 2.11 

(2.3.27) 

(2.3.28) 

Projection point of the 
satellite on the earth 

Geometry of the satellite, the observer, and the north pole, projected on a sphere (the 
earth). 

50 



The geographical coordinates of the ionospheric point, ~ion and Aion• can be evaluated in 
the same way as for the case of radio interferometry (2.2.10-12), and the ionospheric 
zenith angle, Zion• is given by (2.2.4). 

Zenith observer Zenith satellite 

Figure 2.12 
Geometry of the satellite and the observer in the plane through the observer, the satellite, 

and the centre of the earth. 

--····--------------~-

51 



2. 3. 4 Least squares procedures to determine total electron content 

In section 2.3.2 we derived expressions (2.3.6-9) that relate the differential Doppler shift to 

the total electron content (TEC) at a particular instant. In section 2.3.3 we showed how the 
parameters that, at a particular instant, determine the geometry of the satellite, the observer, 
and the ionospheric point can be evaluated. The expressions (2.3.6-9) still contain the 

unknown initial value of the differential Doppler shift, .!l<j>0. In this section we will show 

how the TEC can be evaluated from values of the differential Doppler shift that are 
measured at several instants during the satellite pass. 

Several TEC-evaluation schemes were suggested by Leitinger and Putz (1978). We 
have applied two evaluation schemes that are similar to the ones they suggested. During a 
satellite pass the differential Doppler phase, Ll<jl, given by (2.3.6), is measured at the 
instants j=l, 2 ... J. Let us denote the measured values at these instants by L't.<jlj. The first 
evaluation scheme, we will henceforth call scheme 1, is based on the assumption that the 
observed differential Doppler phases, L't.<jlj , can be written as 

N 

Ll<jlj = il<l>o +Co cos-1(Zj) (L(n!)-1 vin) (~j- ~o)n + Ej) scheme 1 
n=O (2.3.29) 

Here the Ej are the errors, whose sum of squares will have to be minirnalized. They contain 
the fast varying part of TEC such as travelling ionospheric disturbances (TIDs) and 

scintillations. The ~j are the latitudes of the ionospheric points and Zj the ionospheric zenith 
angles at the instants j. The subscript "ion" for ionospheric points has been dropped, but it 

is to be understood that ~j and Zj are evaluated at the assumed mean ionosphere height or 
mean height of the electrons, <z>. Note that <z> is not necessarily equal to the height of 
the maximum electron density, hmF2 (-300 km). We will point out in section 2.3.5 why 

<z> is a good reference height for the evaluation of the ionospheric trace of the satellite. 

Leitinger and Putz (1978) suggest a value of 350 km for this reference height. 
L't.<jl0 is a phase constant and the constants V ~n) are supposed to represent the n-th 

derivative with respect to latitude of the total electron content at the reference latitude, for 
which the latitude of the observer, ~0, has been taken here. Alternatively the latitude of the 
point of closest approach (PCA) of the satellite might have been chosen as the reference 
latitude. The constants il<l>o and v~n) are to be evaluated in a least squares procedure: 

J 

I.o<ef) = o (2.3.30) 
j=l 

Essentially a TEC evaluation scheme consists of an assumption about the functional 
dependence of the TEC (in scheme 1 a polynomial with respect to ionospheric latitude) and 
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a particular choice for the weighing of the errors. Other schemes, that define the errors 
differently, can easily be constructed. We will use a second scheme, that defines the errors 
as: 

N 

.!l<l>j = .!l<J>o + Cn(cos-\Zj) [L(n!f1 
y<on) (~j- ~0)n] + ej ) scheme 2 

n=O 
(2.3.31) 

The errors in scheme 2 have weights proportional to cos(Zi) when compared with the 
errors in scheme 1. The assumptions about the functional dependence of the TEC are the 
same for both schemes: 

Firstly, it is implicitly assumed that the TEC does not vary with time during the 
satellite pass, i.e. the measured differential Doppler phases reflect the geographical, not the 

temporal, variation of TEC. In view of the short duration of the satellite passes (always less 
than 20 minutes), or equivalently, the large satellite velocities ( -7.5 km/s), this condition is 

fulfilled, except perhaps around sunrise and sunset. 
Secondly, the dependence of the TEC upon longitude is neglected. Since the 

satellite orbits are almost north-south this does not pose any severe restrictions either, 
except around sunrise and sunset, when considerable longitudinal gradients may exist. 

Thirdly, it is assumed in the above schemes that the zenith angle, Zj, varies little 
along the line-of-sight in the ionosphere, which is obviously true if the satellite elevation is 
sufficiently large or if the ionosphere thickness is sufficiently small. Leitinger and Putz 
(1978) have shown that for passes with maximum satellite elevations larger than 30°, the 
above schemes yield consistent results for N= 1. 

Finally, it is also assumed that the mean height of the ionosphere, <z>, does not 
vary with latitude. 

Only if all of the above assumptions are true, can the constants V Jnl unambiguously 
be interpreted as the derivatives with respect to latitude of the vertical TEC, V 0 , at the 

reference latitude, ~0 • More sophisticated expansions of the slant total electron content that 
do take into account the variation of <z> with latitude and the finite thickness of the 

ionosphere will be derived in section 2.3.5. In section 4.2, we will compare the results 
obtained with the different schemes for the evaluation of the TEC. It will be shown there 
that schemes involving data from one station, as presented in (2.3.29-31), cannot be used 
for accurate evaluation of the TEC, because of the collinearity of the functions used in the 
least squares fit. Such a collinearity arises because cos(Zj) in (2.3.29,31) can be written as 
a series in powers of the ionospheric latitude, ~j• as was done for the vertical TEC, V 0 • 

The problems with collinearity can be overcome by combining differential Doppler data 
from two stations at about the same longitude but different latitudes. 
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2. 3. 5 Further development of the differential Doppler technique 

The observed slant total electron contentS (2.3.7) can, in spherical coordinates, be written 

as: 
rs 

S = J Ne(r,~,A) cos-1(Z(r)) dr (2.3.32) 

re 

with r the distance to the centre of the earth: 

r z + re (2.3.33) 

where z is the height above the earth and re the radius of the earth. 

In (2.3.32) r parametrizes the ray, i.e. Ne depends upon r directly, and indirectly, through 

the latitude ~(r) and longitude A.(r) of points along the ray. Let us denote by the subscript 

"r" a reference level somewhat above the level with the maximum electron density at height 

z=hmF2,300 km. Below we will show that a suitable choice for the height of the reference 

level, Zr· is the mean height of the electrons above the observer, <z>: 
00 J Ne(re+ z, ~0 , A0 ) z dz 

<z> = .:::.._ _______ _ 
00 

(2.3.34) 

J Ne(re+ z, ~0, A0 ) dz 

In this thesis we will also refer to <z> as the mean ionosphere height above the 

observer. For realistic electron density distributions <z>,.350 km. 

Let He be a length scale in the radial direction proportional to the width of the radial 
electron distribution. It is common usage to refer to He as the scale height of the electron 

density, although strictly speaking that is defined as -a[ln(Ne)]ldt-. Note that He<< rc, rr> 

and that the electron density, Ne, decays rapidly if I r-rr I> He. It is convenient to introduce 
a small parameter E and a new variable (for integration in (2.3.32), by: 

(2.3.35) 

(2.3.36) 

Along the line-of-sight one has the analogon of the geometrical relation (2.2.4): 

. rr . sin(Zr) 
sm(Z(r)) =-sm(Zr)= --

r l+E( 
(2.3.37) 

54 



For the cosine-factor in (2.3.32) one obtains from (2.3.37): 
1 

cos-1(Z(r)) cos-1(Zr) (1 + E /;) [ 1 + 2 cos-2(Zr) E 1; (1 +..!.. E /;) T2 
2 

(2.3.38) 

Since E is small, (2.3.38) can be expanded into a power series in E/; that is valid if 
cos(Zr) ~ 0. Due to the sphericity of the earth, this condition is generally fulfilled for 

observation of the ionosphere from the ground, e.g., the zenith angle of the line-of-sight, 
Z, at a height of 350 km is always smaller than 71° for an observer at ground level. Hence, 
one has: 

00 

cos-1(Z(r)) =I. cin)(E /;)n (2.3.39) 
n=O 

The first four coefficients c~n) in this sum are listed in the appendix (2.B.2). 

As boundaries for the transformed integral (2.3.32) we may also take 1; = ± oo, 

since Ne decays rapidly with increasing 11;1. With the help off of (2.3.36) and (2.3.39) we 

can expand the slant total electron contentS (2.3.32) as: 

oo +oo 

S =I. c~nl J Ne(s,P(/;),A.(/;)) (E /;)n He d/; 
n=O -oo 

(2.3.40) 

Now let us first assume that Ne does not depend upon ~ through the latitude ~and 

the longitude A. along the line-of-sight, i.e., Ne(s). (2.3.40) then yields an expansion of the 

slant total electron content in terms of the moments M(n) of the electron density distribution: 
00 

S = He I. ~n) En M(n) (2.3.41) 
n=O 

where 
+oo 

M(n) J Ne(S) Sn d/; (2.3.42) 

It is illustrative to calculate the moments M(n) for some simple profiles. This is most 

easily done by calculating first the Fourier transform of these profiles, which is the 

generating function for the moments (see appendix 2.C). In table 2.C.2 all moments for the 

Gaussian, Slab and Parabolic profile are given, and in table 2.C.3 the first three moments 
of the a- and P-Chapman profile. With increasing n the moments become smaller and 

smaller, so the series in (2.3.41) will converge rapidly. 
In their TEC-evaluation schemes, Leitinger and Putz (1978) choose a reference 

level, rL, about 50 km above the level of maximum electron density, r m· They assume that, 
if there is no latitudinal or longitudinal variation of electron density, the TEC is given by: 
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s (2.3.43) 

This means that rL is chosen such that the contribution to (2.3.41) from the moments of 
order n ~ 1 can be neglected. Comparison of (2.3.43) and (2.3.41) yields, using (2.3.37) 
and (2.B.2): 

(2.3.44) 

This is what one would expect. The ideal reference height for the evaluation of the TEC is 

up to first order in e equal to the mean height of the electrons. It follows that the height of 
the reference layer should differ about 0.6 units scale height from the height of the 
maximum if the ionosphere is a ~-Chapman-layer, and about 2 units scale height if it is an 

a-Chapman layer (table 2.C.3 in appendix C). We conclude that the ideal height of about 
350 km for the reference level suggested by Leitinger and Putz (1978) is thus explained. 

Now consider the more general case that Ne depends upon both altitude and 

latitude, but not upon longitude, i.e., Ne(~.~(~)). For NNSS-satellite passes this is a 
reasonable assumption, since ionospheric longitude varies little during the pass, and the 

duration of the observation is less than 20 minutes. Around sunrise or sunset, when there 

are large gradients in the TEC with respect to time and longitude, the assumption will, 
however, not be correct. 

We will first derive a formula expressing ~(~)in terms of the latitude ~r• the zenith 
angle '4, and the azimuth Azr of the line-of-sight at the reference level r. The zenith angle Z 
of the line-of-sight at an arbitrary level is related to the zenith angle at level r, Zr, by 

(2.3.37). The latitude ~(~) is given by: 

or 
sin(~)= cos(y) sin(~r) + sin(y) cos(AZr) cos(~r) withy ='4-Z 

sin (~) = [sin (~r) sin ('4) -cos (~r) cos (AZr) cos ('4) ] sin (Z) + 

(sin (~r) cos ('4) + cos (~r) cos (AZr) sin (Z ) ] cos (Z) 

Insertion of (2.3.37-38) into (2.3.46) yields: 
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where cr is given by: 

(2.3.48) 

Now assume that ~(~) has an expansion in terms of E~ ofthe form: 
QO 

~(Q =I ~~n) (E~)n (2.3.49) 
n=O 

The first four coefficients ~~n) are given in the appendix (2.B.3). 

Furthermore, suppose that the electron density, Ne, can be expanded with respect to 
latitude as: 

00 

Ne(l;,~) = I (n!)-1 A~n N(n)(~) (2.3.50) 
n=1 

where 

(2.3.51) 

(2.3.50) expresses the electron density as a function of its latitudinal derivatives, N(n)(~). at 

the reference latitude ~0• The choice of the reference latitude is arbitrary. We have chosen 
the latitude of the observer, ~0 , for it to enable accurate representation of the electron 
density near the observer by just a few terms of the series (2.3.50). 

Along the line-of-sight ~ depends upon ~ as given by (2.3.49), so the 
corresponding expansion of A~ is: 

00 

A~(~) A~~O) +I ~~n) (E~)n with AMO)= ~~O)_~o (2.3.52) 
n=1 

Substituting (2.3.52) into (2.3.50) yields for the electron density along the line-of-sight: 

Ne(l;,~(~)) = N(OJ(~) + NOJ(~) A~;o> +} N(2)(~) A~;o)2 +} N(3)(~) A~;o)3 + 

E~~?>( N(1J(~) + N(2J(~)A~~O) + t N(3J(~)A~;o>2) + 

€2~2(NOJ(~)~fl + NC2Jc~){} ~;1)2+ ~flA~;oJ} + 
(2.3.53) 

N(3J(~){} ~?J2A~;o> + }~~2)A~~OJ2} ] + 

€3,3(NOJ(')~;3> + N(2J(~){ w>~fl + ~~3JA~;o>} + 

N(3J(~) { t ~;1)3 + ~p>~;z>A~;o>+ t WJA~;o)2}] + 

0(€4~) + 0(A~OJ4) 
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Note that the coefficients of the terms in (2.3.53) depend upon the chosen reference level r. 
Insertion of (2.3.53) into (2.3.40) yields the final expression for the slant total electron 
content, S, for the case that latitudinal variations in the electron density occur: 

00 

s =I w<k.I) M(k,I) (2.3.54) 
k, I =0 

The "moments" M(k.l) are given by 

(2.3.55) 

with 

N(I)(r) = (:~/ Ne(r, ~)~~"'~o (2.3.56) 

In (2.3.54-56) I denotes !-fold differentiation with respect to the latitude, ~.at the reference 
latitude ~0 , and k denotes the order of the moment. The first few coefficients w<k.I) are 

given explicitly in the appendix (2.B.l). 
The moments, M(k,l), and L\(j)0 should again be determined by a least squares 

procedure. The errors, €j, for the least squares fit to the differential Doppler data, L\(j)j, are 
defined by the analogon of (2.3.31): 

K L 

L\(j)j = L\(j)o +Co <I I w]k,I)M(k.l) + Ej ) 

k=O 1=0 

scheme 3 (2.3.57) 

Once the M(k,l) have been found, the vertical total electron content can be evaluated at any 

other latitude by evaluating (2.3.54) with coefficients w<k,l) that correspond with vertical 
incidence (Zy-:::0). 

Further generalization of the expression (2.3.54) for the slant total electron content, 
to electron density profiles that are allowed to depend upon altitude, latitude, and also 
longitude (or time), can be done straightforwardly. The resulting expressions are not given 
here, because they are rather lengthy. Expressions like (2.3.54) and its generalizations are 
needed if one wants to reconstruct the ionospheric electron density in detail by tomography, 
i.e., by combining differential Doppler data obtained with satellite receivers at many 
different locations. 

For the NNSS-satellite system our attempts to find moments M(k.l) with 1 > 0 with 

sufficient accuracy did not succeed, due to the occurrence of the additional unknown 
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parameter A(j)0 (2.3.29,31,57) in the least squares fit to the data. The reason is the 

collinearity of the fitted functions if all stations have approximately the same latitude, as 
was the case for our observations. This will be discussed in more detail in section 4.2. The 

expressions derived in this section will therefore have to be tested in future experiments. 

2. 3. 6 Determination of TID characteristics 

After the total electron content as a function of latitude has been determined from the 

differential Doppler data by some least squares procedure, as described in sections 2.3.4-5, 

small scale variations in TEC, such as travelling ionospheric disturbances, TIDs, can be 
analysed. The basic information on TIDs, contained in the differential Doppler data, 

consists of TID amplitudes and (apparent) wavelengths, and, if data from several stations 

are available, the azimuth of phase propagation. 

Azimuths can simply be determined by identifying peaks on the traces that are 
observed from two different stations, as due to the same TID. This gives a line of constant 

phase in the horizontal plane at the chosen ionospheric reference height, perpendicular to 
the horizontal phase velocity. Note that the azimuth of phase propagation can only be 

determined modulo 180°. We will refer to this method as "identification of peaks". 

We will also use a more sophisticated method to determine TID azimuths, based 
upon cross correlation of the TID signals from two stations. In this case the TID signal is 

defined as either the absolute or relative deviation of local vertical TEC from the TEC 

profile evaluated by a least squares procedure. For example, in the case of scheme 1 
(2.3.29), the absolute devations, Aj, and the relative deviations, Rj, in the vertical TEC are 
given by 

Aj ej 

N -1 
Rj €j [ L (n!)-1 Vhn) (~j- ~o)n ] 

(2.3.58) 

n=O 

The index j refers to the ionospheric point on the line-of-sight from the station to the 

satellite for a particular satellite broadcast (duration 4.6 s). The latitudes ~j of the 

ionospheric points j are not equidistant. The deviations, A j or R j• are first multiplied by a 

Hanning filter with the size the latitudinal window of interest to omit spectral effects from 
the jump in signal amplitude at the start and the end of the observation. Then the Fourier 

transform with respect to latitude is evaluated, to obtain a power spectrum of irregularities 
for each station. The obtained spectrum can then be subjected to filtering to isolate the 
spectral components of interest. After an inverse Fourier transform the filtered TID signal, 

A j or R j, is obtained at J equidistant ionospheric points separated by steps A~ in latitude. 
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The cross correlation function 0 1•2> for two stations, indicated by superscripts 1 and 2, is 
then given by: 

C(l,2) = 
J 

J- j 
_1_ ""' A (1 )*Am: 
J- j L..i k k+j 

k=O 
J _1_""' A (1)'" A (2)~ 

J + j L..i k k+j 
k=-j 

if j ~ 0 

(2.3.59) 

ifj ~ 0 

The cross correlation function is normalized by dividing by the autocorrelation functions: 

c<l,2)* 
J 

I Doppler 
counts 

c(1,2) 
J 

c<t.l) c<2.2) 
0 0 

weighted 
I subtr_:ction 

I I' 

differential 
Doppler 
phases 

orbit evaluation 

(2.3.60) 
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Figure 2.13 
Flow diagram for the evaluation ofTEC and the azimuths ofTIDs by cross correlation. 
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The maximum of the cross correlation function at j=h gives the mean latitudinal delay di3-r 

of the TID wave pattern between the trace of station 1 and 2: d~T = h * d~. To obtain the 
azimuth of phase propagation, we evaluate also the mean longitudinal distance between the 

traces, dfvr, and the mean latitude of the traces, !3-r, for the latitudinal window of interest 
(where the signals have been correlated). The azimuth of phase propagation, AzT, is then 

approximated by: 

Az.r =arctan( ~~ ) 
cos( T) dfvr 

(2.3.61) 

The entire evaluation scheme for the calculation of spectra and azimuths is summarized in 
the flow diagram figure 2.13. 

In section 4.4 the value of the assumed height of the TIDs will be varied. This 

means that the total electron content profile is evaluated at the reference height of 350 km. 
Subsequently the ionospheric points are projected to a lower level, e.g., an assumed TID 

height of 250 km. The Aj or Rj are then attributed to the ionospheric points at this new 

height. That means that d~T• dAT, ~T• and AzT are evaluated for the assumed new TID 
height. 

Figure 2.14 schematically illustrates the effect of changing the assumed TID height 

for a situation of two observers at approximately the same latitude. If the TID height is 
assumed to be lower, the found phase planes will tend to become east-west aligned, and the 

found wave vector will tend to be redirected towards south (or nonh). 

We conclude that the derived TID azimuths are quite sensitive to the assumed TID 
height. The effect is important in all cases where TID azimuths are determined by means of 
a technique that implies integration along the line-of-sight (ray) from different observational 
locations through the ionosphere towards a radio source (satellite, cosmic source). Most 
observers do not mention the TID height that they have assumed. Usually they must have 
assumed, that the height range where the TID amplitude is largest is close to the mean 

ionosphere height, <z>. Theoretical studies, however, indicate that the mean TID height 

may be considerably lower (Volland, 1970). In section 4.4 we will show evidence that the 

mean TID height is indeed smaller than the mean ionosphere height. 
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Figure 2.14 
Schematic (exaggerated) illustration of the effect of changing the assumed TID height. The 

north-south lines are the projections (traces) of the satellite orbit (exactly north-south) on 
two levels hi (thick lines) and h2 (thin lines) observed from two stations at approximately 

the same latitude. Asterisks indicate the positions, along the traces at levels hi and h2, of 

peaks in electron content due to TIDs as they are observed from the two stations. Lines-of
sight towards the peaks are shown as dashed lines. The slant solid lines are the TID wave 

fronts that are found by identifying the peaks observed from the two stations. Two such 

wave fronts are shown. For level h1 they are drawn as bold lines andfor level h2 as normal 

lines. For reasons of simplicity the earth has been treated as flat. 
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2. 4 Observational biases 

In section 1.4 we derived a simple model (1.33) for the response of electron density at 

F-region heights to a passing acoustic-gravity wave (AGW) in the neutral atmosphere. 

Here we will discuss the visibility of travelling ionospheric disturbances (TIDs) in total 

electron content (TEC) observations with the help of that model. The perturbation S' in 

slant total electron content due to a passing AGW with wave number k and frequency co is 

then given by: 

S' = (b~un) J [ (k. b) Neo - i b.V (Ne0)] ei (k. r- cot) ds 

line of 
sight 

(2.4.1) 

In (2.4.1) we have retained the possibility to take into account horizontal gradients in the 

background electron density, because sometimes quite considerable north-south gradients 

are observed by the differential Doppler technique, as will be discussed in chapter 4. 

In order to keep the expressions manageable, we assume the ionosphere to be 
locally flat and the line-of-sight to be straight. The origin of a cartesian coordinate system 
will be chosen at the observer, the x-axis pointing eastward, they-axis northward and the 
z-axis upward. An arbitrary unit vector is determined by the zenith angle Z, being the angle 

between the vector and the z-axis, and the azimuth Az, being the angle between the vector 

and the y-axis (i.e., azimuth is expressed in degrees east from north as in previous 

sections). S' will be a function of Xr and Yr• the horizontal coordinates of the ionospheric 
point along the line-of-sight at the reference height zr, or, equivalently, of the zenith angle 

Zr and the azimuth AZr of the line-of-sight. An important simplifying feature of the flat 

ionosphere approximation forms the fact that Zr and Azr are constant with altitude. As far 
as the geomagnetic field vector b is concerned it is more common to use inclination I b and 

declination Db: 

zb ~ + Ib (2.4.2) 

Azb=Db"' 0 

In general the declination Db will be small e.g. in the Netherlands Db "" -2.6° (Db"' -16° 
for a simple dipole model, see appendix 2.D). The inclination Ibis 0 at the geomagnetic 
equator, -x/2 at the geomagnetic north pole (near the geographical south pole) and +1C/2 at 

the geomagnetic south pole (near the geographical north pole). 

Using ds = dz I cos(Zr) and eliminating the z-derivative in (2.4.1) by partial integration 

yields: 

S' = (b.un) 
co 
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where the F-operator is some kind of Fourier transform: 

+oo 

J i'J1(Z-27) 
F(t) f (ZX-r/27, zyr/27, z) e dz 

-oo 
+oo 

J iT](z-27) 
= f(sin(A27)tan(Zr)z, cos(A27)tan(Zr)z, z) e dz 
-oo 

with 

11 = k . rr /27 k [ cos(A27-Azk) tan(Zr) sin(21c) + cos(21c)] 

(2.4.4a) 

(2.4.4b) 

Here Zk and Azk are the zenith angle and the azimuth of the wave vector of the AGW. The 
R are geometrical factors: 

R0 =(k.b)-(b.ez)(k.rr)/(ez.rr) = k.[ezA(bArr)] l<ez.rr)= 
(2.4.5) 

= k sin(Zk) [ cos(lb) cos(Azk-Db) + sin(Ib) cos(A27-Azk) tan(Zr)] 

Rx =- ez. [ex 1\ (b 1\ rr)] I (ez. rr) = 
(2.4.6) 

= sin (Db) cos(Ib) + sin(Ib) sin(A27) tan(Zr) 

Ry ez.[ey A(bArr)] I (ez.rr)= 
(2.4.7) 

= cos(Db) cos(lb) + sin(Ib) cos(A27) tan(Z,.) 

Let us first discuss the prefactor ( b.un) in (2.4.3). The response vanishes if the 

neutral velocity perturbation, un, is perpendicular to the geomagnetic field. From the 
polarization relations for AGW s ( 1.15-17) it follows that 

After transforming to angular coordinates and using the dispersion relation (1.19), it is 
found that: 

with 
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Note that the AGW parameters :l1c. Azk, and ro can vary independently. 
(b.un) in (2.4.9) is a complex quantity. If the response is to vanish at all places at 

all times, both its real and imaginary part ought to vanish. This implies that either k is 
horizontal (Zk = 7t/2) and perpendicular to the horizontal component of the geomagnetic 

field (Azk = 7t/2+Db ""7t/2, almost east-west) , or k is vertical (Zk-+ 0) and the gravity 
wave period is large (ro J.. 0). 

The "Rx"-term in (2.4.3), the contribution from an east-west gradient in the 
background electron density, as expected, vanishes if the line-of-sight is in the vertical 

north-south plane (the plane//~ and// ez). Similarly, the "Ry"-term, the contribution from 
a north-south gradient in background electron density, vanishes if the line-of-sight is in the 
vertical east-west plane. 

The "R0"-term is the only term in (2.4.3) that is retained if no horizontal gradients 
in the background electron density exist. It equals the expression found by Georges and 
Hooke (1970) for that situation. In case horizontal gradients do exist, this term does, 

however, contain contributions from these gradients. Let us first consider the biases 
introduced by this term in case the line-of-sight, rr> is kept fixed: it vanishes if the wave 

vector is in the vertical plane containing b 1\ rr. There is therefore no contribution to this 

term from AGW s with azimuth AzkO given by: 

(2.4.10) 

Since Db"" 0, Azko can be approximated by: 

A ( 1 1 )+ 
zkO "' arctan tan(Ib) tan(~) sin(Azy) + tan(Azy) - n1t (2.4.11) 

This formula is almost identical to the one given by Georges and Hooke (1970). 

The difference is due to the particular convention for expressing azimuths (clockwise from 

north by us, anticlockwise from south by them). In figure 2.15 the azimuths of the 
unobservable AGWs are sketched on a grid of horizontal coordinates of ionospheric points 

for an observer in the Netherlands. 
On the other hand, if the wave vector is kept fixed, the "R0" -term vanishes if the 

line-of-sight lies in the plane defined by b and (ez 1\ k) 1\ [b 1\ ( ez 1\ k)l , the projection of b 
on the vertical plane containing k. 

A final remark that can be made about (2.4.4b), is that the background slant TEC, 

S, is a special case of F(NeO): 
+oo 

s F(N 0)(11=0) 1 J . 
c~s(~) =cos(~) NeO(sm(Azy)tan(~)z, cos(Azy)tan(~)z, z) dz 

-oo (2.4.12) 
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Figure 2.15 
The vector field of AGW wave vectors that give a vanishing response in slant total electron 
content according to (2.4.11 ). The reference height (for expressing the difference in 
geographical latitude t1f3 and longitude t1A. between observer and ionospheric point in units 
of km) was 300 km. The used magnetic field model is described in appendix 2.D. The 
drawn line segments are the tangents to the wave vectors with vanishing response. The 
middle of the line segments indicates the location of the ionospheric point (at a height of 

300 km) relative to the observer (lb=67°, Db=-16 °). 

The response S' can now be evaluated explicitly if one assumes a) that the shape of the 

vertical profile of the electron density does not change with the horizontal coordinates x and 

y, and b) that the number of electrons in the profile depends linearly upon the horizontal 

coordinates (latitude and longitude): 

Ne0(r) = Y0 (1 +G. r) X(z) 

with G = (Gx,Gy,O) 
(2.4.13) 

where we will assume that the vertical profile X(z) is normalized to unity. This means that 

Yo is the background vertical TEC at the observer (vertical incidence implies Xp Yr = 0 and 

66 



cos(~)::::: 1), and V0(1+G.r) is the background vertical TEC at r. Assumption a) is quite 
restrictive: it means for instance that the average height of the ionosphere does not change 
with the horizontal coordinates. Assumption b) is made only for convenience: it is easy to 
generalize (2.4.13), and the analysis that follows, to polynomials of higher order in the 

horizontal coordinates. 
By substitution of (2.4.13), the Fourier transforms (2.4.4) of Neo and its 

derivatives can be expressed as a function of the Fourier transform F(X) of the vertical 

profile x: 

(2.4.14) 

F(()Neo ) ::::: V q F(X) 
dx,y 0 ,y 

(2.4.15) 

Inserting these transforms into (2.4.3) gives the following expression for the response in 
the slant TEC: 

where 11 is given in (2.4.4b), R0 is given in (2.4.5) and R1 is given by: 

F(X)(Tl) 
(2.4.16) 

(2.4.17) 

Observe that R1 and R0 have quite similar forms: Ro equals R1 if G is substituted fork. 
From (2.4.12) it is found that the background slant TEC, S, equals 

(2.4.18) 

where 

<z-zr>=- i [d~ F(X)]Tl=O (2.4.19) 

For profiles that are symmetric relative to the reference level Zr· the mean <z-z;> vanishes 
and (2.4.16) becomes even simpler. 

The response S' in slant total electron content can now be evaluated for some 
simple electron density profiles X· In appendix 2.C table 2.C.1 the relevant Fourier 
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transforms for the Gaussian, Slab, Parabolic, a- and ~-Chapman profile are given. 
<z-ZT>IHe is given as M(l) in table 2.C.3 for the a- and ~-Chapman profiles, which are not 
symmetric. The actually observed profiles are not symmetric, so the Chapman profiles are 
closest to reality. In fact, the Chapman theory of ionization, assuming simple 
recombination laws, shows that the electron density, in the absence of movements and 
under sunlit conditions, has a Chapman profile (see e.g. Hargreaves, 1979, p.60 ff.). 
Whether the layer is of the a- or ~-type depends upon the kind of recombination process 
that is assumed to be dominant. In the lower ionosphere the decay of electron density is 
mainly due to a-type (direct electron-ion) recombination, while in the F2-region ~-type 
recombination, involving electron-neutral particle reactions, is dominant. The symmetric 

profiles are easy to manipulate arithmetically, and, therefore, they are often used in radio 
propagation calculations. 

In figure 2.16a-d the absolute (a,c) and the relative (b,d) response to a typical AGW 
are shown for the case without (a,b) and with (c,d) a northward gradient in the vertical 
TEC. Note that a) and c) clearly show the 1/cos(Z) dependence of the "absolute" response 
in the slant TEC. For c) the response is somewhat larger south from the observer, because 
southward the electron content increases. b) and d) show the response relative to the 
slant TEC in the absence, respectively presence, of a northward gradient in the vertical 
TEC. They are almost identical, as can be anticipated. 

Figure 2.16 also illustrates that the visibility is best southward from the observer 
for approximately southward propagating AGWs, because of the forward tilt of the planes 
of constant phase. 

The response vanishes where Ro (2.4.5) vanishes, i.e., for ionospheric points on a 
line perpendicular to the horizontal component of the wave vector that passes the observer 
on the southern side. Along lines that are parallel to this line, the absolute response is 
constant. Northward of the line where Ro vanishes, the response and the AGW -signal have 
almost opposite phases. 

Figure 2.17 shows the relative response to an AGW with half the horizontal 
wavelength of the AGW in figure 2.16. The period and the azimuth of the AGW s and all 
other parameters are the same for figures 2.16 and 2.17. The vertical wavelength of the 
AGW in figure 2.17 is also almost half the vertical wavelength of the AGW in figure 2.16, 
and as a consequence the corresponding response is much more peaked. 

Figure 2.18 shows the relative response of an AGW with a different azimuth. All 
parameters are the same as in figure 3.16d, except for the azimuth of the AGW, which has 
been changed from 160° to 135° (east from north). Still the response is almost constant 
along lines perpendicular to the horizontal component of the wave vector of the AGW. 
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Figure 2.16 

a 

b 

Typical response of the total electron content to an AGW in the neutral atmosphere. The 
AGW has a period of 20 minutes, a horizontal wavelength of 500 km and an azimuth of 

160° (measured clockwise from the north). The parameters that determine the background 

neutral atmosphere are the same as for the figures 1.4-11: the Brunt-Viiisiilii period is 12 
minutes, 1.1 times the acoustic cut-off period and the velocity of sound 675 mls. This 
implies that the vertical wavelength of the AGW is 441 km and its horizontal phase velocity 

is 207 mls. The chosen electron density profile is the {3-Chapman profile (appendix 2.C) 
with the maximum at 300 km and a scale height of 100 km. The geomagnetic field model is 
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Figure 2.16 continued 

c 

d 

described in appendix 2D. The observer, indicated by a square, is located at Tours (4r N, 
1 ° E), one of the stations used during the experiment described in chapter 4. The response 
(thick lines) and the AGW-signal (dotted lines) are shown as offsets to the left or to the 
right for ionospheric points along lines of constant longitude (dashed lines). 
In a) and b) the horizontal gradient was assumed to vanish, G=O, while for c) and d) there 
is a northward gradient, G= (0,-2x10-4 km-1,0). 

For a) and c) the plotted response is Re(S'w![V0(b.un)JJ (see 1.4.16). For b) and d) the 

plotted response has been divided by the local slant electron content and equals 
Re(S' WI[ S( b.un)j) (see 1.4.16-17). 
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Figure 2.17 
Same as figure 2.16c, except for the horizontal wavelength of the AGW, which now is 250 
km instead of 500 km. As a consequence, the vertical wavelength now equals 194 km and 

the horizontal phase velocity 101 mls. 
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Figure 2.18 
Same as figure 2.16c, except for the azimuth of the AGW, which now is 135 ° instead of 
160°(eastfrom north). 
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For radio interferometric observations it is not the TEC itself that is observed, but 

its gradient in the direction of the interferometer baseline (2.2.3). Let I be a horizontal unit 

vector along the baseline and LRI the baseline length, as in (2.2.3). The response of an 

interferometer is not evaluated by differentiating (2.4.16) with respect to rr.l . Such a 

differentiation procedure would give the response of two antennas at the same location, 
observing close, but different radio sources. The difference in the TEC response observed 

by the two elements of the interferometer is evaluated by translating the wave pattern and 

the backgound ionospheric electron density over -LRII relative to the observer. This is 

because we assumed in (2.4.16) that the origin of the coordinate system, in which rr is 

determined, is at the observers site. The response in the TEC difference observed by the 
elements of the interferometer thus follows from (2.4.16): 

S'(LRII)- S'(O) v. b.un o-
ro 

For the WSRT I is eastward, while G is usually southward (except at sunrise and sunset), 

so the "(G.I)"-term in the last line of (2.4.20) can usually be neglected. 

In case no gradients in background electron density are present at all, (2.4.20) 

reduces to: 

In figures 2.16-18 some examples of the response of the total electron content to 

AGWs were given. For radio interferometry, observing the gradient in total electron 
content, the most important difference in the response is caused by the sin(k.l LR1/2)-factor 

in (2.4.20-21). In figure 2.19 its behaviour is sketched for the longest baseline of the 

WSRT (an east-west baseline of 2.7 km), and for several values of the horizontal 
wavelength. It illustrates that at wave azimuths, Azk, of 0° (north) and 180° (south) the 

response vanishes for the WSRT. Note that LRI is usually small in comparison with the 
horizontal wavelength of AGWs, so the sine-factor in (2.4.21) approximately behaves like 

k.l LR1/2. We conclude that in radio interferometry the visibility of AGWs strongly 
depends upon their azimuth. 
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The behaviour of the sin(k.l LRJ!2 )factor that occurs in the radio interferometrical response 

to AGWs (2.421) as a function of the azimuth of the AGW, Azk,for several values of the 

horizontal wavelength of the AGW. It is sketched for the longest baseline of the WSRT 
(east-west 2.7 km). The azimuth of the baseline modulo 180 ° is indicated by little arrows. 

For the differential Doppler observations we will also discuss, in section 4, the 

latitudinal spectrum of relative perturbations in TEC S'/S. Here we discuss the relationship 

that is to be expected between the spectrum A(k,ro) of the component of the velocity of the 

neutrals in the direction of the geomagnetic field, (uwb), and the latitudinal spectrum 

A'(k ~ ,yf'zf't) of S'/S. In order to keep expressions manageable we will start off by 

neglecting also the horizontal gradient Gin the background electron density. In the above 

(2.4.16) we evaluated the response to a single AGW in the neutral atmosphere. Now we 

are dealing with a spectrum A(k,ro) of AGWs in the neutral atmosphere, so 

S' J+JooJ Joo R (k r) i(k.rr-rot)J+oo i(k.rr)(Z-Zr)/21-
S = dk dro A(k, ro) 0 0:: r e dz x (z) e 

-oo 0 -oo (2.4.22) 

gives the relative perturbation in TEC at rr The latitudinal (north-south) spectrum A' of 

S'/S is found by Fourier transforming with respect to x (with k~ as new Fourier variable): 

+oo 

A '(k' ) _ 1 J d S' -ik~ Xr x•YroZT·t- 2n: Xr s e (2.4.23) 

-oo 
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Supposing it is permitted to interchange the integral over xr in (2.4.23) with all the integrals 

in (2.4.22), the Xr-integral can be performed first, yielding o(kx- k ~ z I Zr). Here 0 is 

Dirac's delta function. The integral over z in (2.4.22) can then also be performed, which 

results into: 

(2.4.24) 

For kx we now substitute a new variable a=(l-k~ I kx) zr. Furthermore, the derivative in 
the second term in square brackets can be removed by partial integration: 

+oo oo · t +oo 

A'(k~,yPzPt)= JJdkydkzfdro e:ro fda X(Zr-a) [<~~:iz +rkyby+kzbz)-ibz~a] • 
-oo 0 -oo 

(2.4.25) 

In the limit of zero ionosphere thickness, He~O, the normalized electron density 

profile will converge towards Dirac's delta function: X(Zr-a)~o(a). In this limit (2.4.25) 
becomes: 

+oo oo . ' ' If I e -Irot i(kyy r+kzzr) 
A (kx,Yr> Zpt) = dkydkz dro ---ro- e • 

-oo 0 

.[k'.b- bz(kyYr+kzZr-i(l+k~ dkd, ))] A(k~,ky,kvro) 
Zr X 

(2.4.26) 

In the more general case, where the thickness does not vanish, one can expand the 

result in terms of the small parameter He I zr. We demonstrate this for the Gaussian 

background electron density profile (table 2.C.l): 

(2.4.27) 

74 



The integral (2.4.25), which we want to approximate, can formally be written as: 

+oo +oo N 

I= I x<zr-a)q,(a) da= I X(Zr-Cl) [~q,(n)(a=O) ~~ +O(aN+l)] (2.4.28) 
-oo -oo 

where $(a) is the function following X(Zr-a) in (2.4.25). 
Using the specific form of the Gaussian profile (2.4.27), this yields: 

(2.4.29) 

In dealing with TID spectra in chapter 4 we will be especially interested in the large 
k ;-behaviour of A'. Assuming A(k,ro)- (k xrp for large kx, it follows that A' in (2.4.25) 
contains terms -(k; )-p and -(k; )-(p--l)_ The derivatives appearing in an expansion like 

(2.4.29) do not change the behaviour for large k;. For example for the first derivative one 
has: 

k' d 
[ dd (A(-

1 
x/ , ky, kz, ro))] = .l k~ ( dk') A(k~, ky,kz, ro) 

(l -(l Zr ct=O Zr X 
(2.4.30) 

For the higher order derivatives similar expressions containing (k; d/dk; t A can be 
derived. 

From the above heuristic arguments we conclude that one may expect to observe for 

A and A' the same behaviour as k; grows. 
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APPENDICES 

2.A The straight line approximation to the optical path 

In section 2.1-3 it was assumed that in geometrical optics the ray can be approximated by a 

straight line if the refractive index is close to unity. The proof is given in this appendix and 
closely follows the treatment by Weenink (1987) for the two-dimensional case. The optical 

path, Lop• is given by: 
sz 

Lop= J n(r(s)) ds 

·Sl 

where s is arc length: 

ds = 

The ray vector r satisfies the ray equation: 

_Q_ (n(r) dr) = Vn 
ds ds 

(2.A.1) 

(2.A.2) 

(2.A.3) 

Now let us suppose that the refractive index is close to unity and can be written as: 

(2.A.4) 

The ray can similarly be expanded: 

(2.A.5) 

It is immediately found that r0 parametrizes a straight line: 

(2.A.6) 

Here a1 and a2 are vector constants. 

It is no restriction to choose coordinates such that the starting and ending point of 

the ray lie along the x-axis. In that case the ray can also be parametrized by x: 

(2.A.7) 
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Substitution of (2.A.2), (2.A.4) and (2.A.7) into (2.A.l) then yields: 

x2 

Lop j[l + cn1(r(x)) + E2n2(r(x)) + 0(£3
) 

XI 

dy 2 dz 2 
1 + £2[(-1) + (-1) ] + 0(£3) dx= 

dx dx 

(2.A.8) 

The corrections y1 and z1 to the straight line approximation of the ray do not appear in the 
expansion until the £2-term. Equivalently, the correction to the optical path Lop for bending 
of the ray is 0(£2). For the applications in this thesis E- 10-2 to 10-4 (2.1.14), so the 
straight line approximation is justified. 

For completeness we also evaluate y 1 and z1, which give the bending of the ray in 
leading order. y1 satisfies the differential equation: 

(2.A.9) 

with the boundary conditions 

(2.A.ll) 

This boundary problem is easily solved, yielding: 

(2.A.12) 

z1 can be solved along the same lines. It is given by (2.A.l2) with the derivative aN1/dy 
replacedby aN 1/dz. The expression (2.A.l2) was already given by Weenink (1987), who 
also gave third order, 0(£3), corrections for the two-dimensional case (the case where the 
refractive index does not depend upon z). 
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2. B Constants and expressions used in section 2.3.5 

In this appendix we give some constants and expressions that were used in section 2.3.5. 
The first few coefficients w<k.Il, occurring in the expansion of the slant total electron 
content (2.3.54), are given by: 

78 

w<0.2) .!..c(O)~~ (0)2 
2 r r 

w<o.3) .!..c<O)~~ (0)3 
6 r r 

w<t.o) c<l) 
r 

w<I.I> c(O)~ (1) +cO>~~ (O) 
r r r r 

(2.B.l) 

w<3,2)"' c~o) {pp>p$2l+JlP\.1J}$o>} + c;•>{ tPPl2+p?>L\pfo>}+ ~2lpp>L\p;o>+tc;3>L\p;o)2 

w(3,3) = c;o>{ tPfll3 + pfl)p}2>L\p;o> +tPP>L\pfOl2} + t~I>{ p;•>2L\p;o>+M2>L\p;o>2} + 

+ 1_,-,(2)A (I) L\A (0)2 + l.c(3) L\A (0)3 
2 -r Pr Pr 6 r Pr 



The constants, occurring in this formula, are given below. The first four coefficients c~n), 
occuring in (2.B.l), can be found from (2.3.39): 

c;o> = cos-1(Zr) 

c~0 - tan2(Zr) cos- 1 (~) 

c~2) = t tan2(Zr) cos-3(Zr) 

c?> =-f tan2(Zr) (5 cos2(Zr)) cos-\Zr) 

where Zr is the zenith angle of the line-of-sight at the chosen reference level. 

(2.B.2) 

The coefficients ~~n) in the expansion of the latitude of the ionospheric point along the line

of-sight (2.3.49) follow from substitution of (2.3.49) into (2.3.47): 

~~0)= ~r 

(2.B.3) 

~r is the latitude of the ionospheric point along the line-of-sight at the reference level. cr is 
given by (2.3.48): 

(2.B.4) 

where AZr is the azimuth of the line-of-sight at the reference level. 

.1~/0) in (2.B.l) is simply ~r-~o• i.e., the latitude of the ionospheric point along the line
of-sight at the chosen level minus the latitude of the observer (2.3.52). 
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2.C Fourier transforms and moments of some simple vertical 
electron density profiles 

In this appendix we evaluate the Fourier transform and the moments of some simple 
vertical electron density profiles, which are used in section 2.3 and 2.4. 

The Fourier transform of the vertical electron density profile X(z) is defined as: 

+= += 
F(X)(Tl) = J X(z) e iTI(z-Zr) dz = J X'(~) eiTI'~d~ (2.C.l) 

-00 -oo 

where ' indicates a change of variables: 

X(z) 
X'(~) 

He 
(2.C.2a) 

~ = 
(z- Zr) 

He 
(2.C.2b) 

TJ' = 11He (2.C.2c) 

Here He is the vertical scale height of the electron density and zr the height of the reference 

leveL In section 2.3 the radial coordinate r is used instead of z. In that case, (2.3.36) is the 

analogon of (2.C.2b). In section 2.4 z is the vertical coordinate and TJ equals (k .rr) I zf' 
where rr is the vector from the observer to the point along the line-of-sight at the reference 
height. In that case: 

(2.C.3) 

Apart from F(X) we also need dF(X)/dTI =He dF/dTJ' in section 2.4. For five simple 

commonly used, normalized vertical electron density profiles these functions are listed in 

table 2.C.l: 
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Table 2.C.l 
Some simple electron density profiles and their Fourier transforms. r is the gamma 

function, and lfl is the so-called psijunction, the logarathmic derivative of the gamma 
function (Abramowitz and Stegun, 1970). 

Profile x' F(X) -i dF(x)/dTJ' 

Gaussian 
e-~2/2 (T\')2/2 (T\')2/2 

Frc 
e iT\' e 

{~ 
I~ I:-::; 1/2 sin(T\'/2) 2i ~in(T\'/2) ( T\ '/2 )cos(T\ '/2)] 

Slab 
I~ I> 1/2 T\'/2 (T\i 

{ io-~ 2) 1~1 :-::; 1 3 [ sin('tl')-r)'cos(T\')] . 3 [3sin(r]')-3'tl'cos(T\')-(T\')2sin('tl')] 
Parabolic (T\ ')3 

I 

0 I~ I> 1 (T\')4 

-~ 
1(! - i'tl') [ln(2)+\jl(i- iT\')]r(i i'tl') (1-~-e )/2 

a.-Chapman 
e 

2il1'};, 2il1'};, 

-~ 
~-e 

1(1 iT\') !}-Chapman e - \jl( 1 i tl') 1(1 -iT\') 

The n-th moment of an electron density profile is obtained by differentiating the 
Fourier transform n times with respect to TJ' and subsequently setting TJ'==O: 

(2.C.4) 

For the first three profiles in table 2.C.l it is easy to give an general expression for the 
nth-moment (see table 2.C.2). For the a- and ~-Chapman profile the evaluation of the 
moments is somewhat more complicated than for the Gaussian, Slab and Parabolic 
profiles. The former profiles are not symmetric, so the odd moments do not vanish. The 
thickness De of an arbitrary profile (expressed in units scale height, 1\,) may be defined as: 

De= J M(2)- (M(1))2 = J < (z ~ <z> )2> 
e 

(2.C.5) 
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Only for the symmetric profiles D/ equals M(2). In table 2.C.3 we give the first three 
moments and the thickness of the a- and the ~-Chapman profile. 

Table 2.C.2 
Moments of the Gaussian, the Slab, and the Parabolic profile. These profiles are 
symmetric. Therefore the odd moments vanish. 

Profile M(2n) 

Gaussian (2n- 1)!! 0 

Slab 1 

(2n + 1) 22n 
0 

Parabolic 
3 

(2n + 1)(2n + 3) 
0 

Table 2.C.3 
The first three moments and the thickness of the a- and the /3-Chapman profile. 
Ye=0.5772 ... is Eulers constant (Abramowitz and Stegun, 1970) 

Profile M(O) 

2 2 1t 
a-Chapman 1 Ye + ln(2) ~ +he+ ln(2)] -

12 

I)-Chapman Ye "/ + 1t2 ..1L 
e 6 [6 
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2.D A simple dipole model for the geomagnetic field 

In this appendix we describe the simple dipole model of the geomagnetic field used in 

evaluating the responses in figures 2.15-19 of section 2.4. This description of the 

geomagnetic field is by no means perfect, but it suffices to demonstrate the qualitative 
behaviour of the responses. The geomagnetic field can be approximated by a dipole with 
the geomagnetic south pole at 79° N, 70° Wand the geomagnetic north pole at 79° S , 70° E 
(Kertz, 1969). The geomagnetic latitude and longitude, ~· and ).,*, are then related to 
geographical latitude ~ and longitude A.. of a location as: 

=sin(~) sin(~p) +cos(~) cos(~p) cos(A..-A..p) 

sin(A.. *)cos(~*) =cos(~) sin(A..-A..p) (2.D.l) 

cos(A.. *)cos(~*)= cos(~) sin(~p) cos(A..-A..p) sin(~) cos(~p) 

where ~P"" 79° and Ap"' -70° are the geographical coordinates of the geomagnetic south 
pole. 
The geomagnetic inclination and declination, Ib and Db, of the location can be evaluated as: 

sin(Db) = cos(~p) sin(A..-A..p) /cos(~*) (2.D.2) 

For completeness, we also give the inverse of (2.D.l): 

sin(~) 

sin(A..- A,) cos(~) =cos(~*) sin(A..*) (2.D.3) 

cos(A..-A,) cos(~) =cos(~*) sin(~p) cos(A..*) +sin(~*) cos(~p) 
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CHAPTER 3 

RADIO INTERFEROMETRIC OBSERVATIONS 

3.1 Description of the observations and the analysis method 

3.1.1 Observed radio sources and wavelengths 

For calibration purposes the Westerbork Synthesis Radio Telescope (WSRT) regularly 

observes cosmic sources that emit intense radiation at radio wavelengths and have small 
spatial extent. Such observations are quite suitable for the climatological study of travelling 

ionospheric disturbances (TIDs). In order to facilitate the statistics of TIDs, we found it 

useful to arrange the observations (duration 1-12 h) into half hour periods. A total number 
of 5508 half hour observations, made between 1980 and 1988, has now been analyzed. 

Table 3.1 
Used WSRT observations. Periods of observation indicated by an asterisk will be used for 

interannual comparison. 

--·····----------~ ----------------
period of observation # observations wavelength (em) 

1980 04 28 - 1980 06 23 402 49 * 
1980 09 19 - 1980 09 23 60 49 

19801111 1980 12 01 254 49 

1981 06 18 1980 06 22 28 49 

1982 01 08 - 1982 0401 937 49 * 
1982 12 24 - 1983 03 20 791 49 * 
1983 11 27 - 1983 11 28 7 49 

1983 12 15 - 1984 03 13 828 92 * 
1985 01 14 - 1985 05 03 456 92 * 
1985 05 31 - 1985 06 30 221 92 

1985 07 05 - 1985 08 06 472 49 * 
1986 03 25 - 1986 04 14 157 92 

1986 0620 - 1986 08 14 424 92 * 
1987 11 20 1988 02 26 471 92 * 

+ 

5508 
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The data comprise the periods listed in table 3. L Results concerning the periods 
January-March 1982 and 1983 have already been published by Kelder and Spoelstra 
(1984, 1987) and Spoelstra and Kelder (1984). The extension of their database of 
observations now allows for the investigation of the seasonal and the interannual trends in 

TID related quantities and of the dependency of TID related quantities upon the direction of 
the line-of-sight. The radio sources used for the climatological analysis are listed in 

table 3.2. 

Table 3.2 
Sources observed with the WSRT at 49 and 92 em. The wavelength at which each source 
was observed is indicated by an asterisk. 

Source Right ascension Declination 49 em 92 em 

3C309.1 224. 0636 71.0 870 * 
3C295 212.0 389 52. 0 437 * 
3C147 84. 0 681 49.0 829 * * 
3C380 277.0 056 48.0Jll * * 
3C196 122.0 50 48.0 37 * 
3C48 23.0J08 32.0 906 * * 
3C286 202.0 207 30.0 766 * * 
3CI23 68.0 480 29.0 571 * 
3C409 303.0 08 23.043 * 
3C454.3 342.0 873 15.0 882 * 
3C273 186.0 639 2.0 329 * 
NRA0530 262.0 556 -13.0 046 * 

3.1.2 Data reduction and analysis method 

Only those observations of point sources were used in the climatological analysis, for 
which the velocity of the line-of-sight at the mean ionosphere height (here set to 350 km) 
was less than 50 rn/s. This was done to reduce effects caused by the motion of the line-of
sight (characteristic phase and group velocities of TIDs are of the order of hundreds of 
rn/s). The equations used to evaluate the velocity of the line-of-sight in the ionosphere are 
given in section 2.2. Figure 2.9 shows the velocity for some of the observed radio sources. 
The restriction on the velocity of the line-of-sight mildly reduces the number of 
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observations: at 49 em 2709 and at 92 em 2479 observations were retained for 

climatological analysis. 
For each half hour of observation the data were then classified into one out of four 

classes. The classification made use of the fact that the phase error due to variations in the 
refractive index s~ould be proportional to the length of the baseline of the radio 
interferometer if the spatial scale of the disturbances is significantly larger than the baseline 
length (cf. (2.2.3)). This proportionality was investigated for each half hour of 
observations by comparing the amplitudes of the phase fluctuations that were observed 
along two baselines, e.g., OD and OB (see figure 2.4 for an explanation of the numbering 
of baselines). Furthermore, the coherence of the wave pattern from one baseline to another 
was judged visually. Thus the following classes were distinguished: 

class A high quality TIDs: manifest as coherent wave patterns with amplitudes (half peak 
to peak) that are proportional with the baseline length; deviations of up to 20 % 
from this scaling are allowed for in this class. This means that a TID is present 
with an amplitude larger than about 5 times the level of noise. 

~ TIDs: manifest as coherent wave patterns with amplitudes for which the 
deviation from scaling with the baseline length is in between 20% and 50%. 
This means that a TID is present with an amplitude of about 2 to 5 times the level 
of noise. 

class C TID or noise: coherent wave patterns were observed along some baselines but 
not along all. The amplitude of the wavelike disturbances does not scale with the 
baseline length and it is usually rather small; it is about 1 to 2 times the level of 
noise. 

class D noise: incoherent wave patterns along different baselines were observed. The 
amplitude of the phase fluctuations is usually small. 

What we call noise is not only of instrumental origin. It is mainly due to the spatial 
extension of the radio source and to the irregularities in the ionospheric electron content, or 
perhaps those in the tropospheric water vapour content, with scale sizes smaller than the 
aperture of the instrument. The classified data will enable the investigation of climatological 
variations in the occurrence of TIDs. 

Furthermore, the following quantities were determined for each half hour of 
observation: 
- The half peak-to-peak amplitude of the fluctuations (TIDs or noise) in the interferometer 

phase, A411 , along the largest available baseline, which was usually OD. A411 was 

converted into the fluctuation amplitude AEw in the east-west gradient of the total vertical 
electron content using (2.2.3): 
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with 

6 -2__ -1 
1.184 ... x 10 m Hz 

(3.1) 

where f is the observational frequency, LRI is the interferometer baseline length, CRI is a 

constant, and Zion is the zenith angle of the line-of-sight at the mean height of the 

ionosphere, <z>, which was assumed to be 350 km. 
- The apparent period of the TID (only for classes A-C). Only periods smaller than 1 hour 

were considered, in order to eliminate possible biases due to the finite duration of 

observations, which varied from about 1 to 12 hours. 
- Observational parameters: the elevation and the azimuth of the line-of-sight; and the 

geographical latitude, the geographical longitude, and the velocity of the ionospheric 

point, i.e., the point along the line-of-sight at the mean ionosphere height. These 
parameters were used to investigate observational biases. 

In the presence of several TIDs within an half hour interval the amplitude and the apparent 

period of the dominant TID were selected. 

Three kinds of statistical tools were used to find the daily, seasonal, solar cycle, 

and other variations: 
- Histograms of the distributions of the values. 

- Evaluation of the averages and the standard deviations. 

- Evaluation of the quantiles and the construction of boxplots. 
Climatological analysis of geophysical quantities is usually done by evaluating the 

averages and the standard deviations over characteristic time intervals. For quantities, that 

inherently show much spread, such as the TID-related quantities, the critical frequencies of 

ionospheric layers, or the electron content, the evaluation of quantiles for boxplots should 

be preferred. A boxplot better describes the observed (non-symmetric) probability 

distribution than the simple combination of the mean and the standard deviation (Feichter 

and Leitinger, 1985). In our case boxplots were constructed as described in figure 3.1. 

The upper and lower boundary of each box indicate the quartiles, the line in the middle the 

median, the short horizontal lines above and below the median the 95 % confidence 
interval, determined with the help of the sign test (Taubenheim, 1969). The "whiskers" 

below and above the box indicate the range of values that were observed (the minimum and 

the maximum value). The very short lines across the whiskers indicate the 1/10- and 
9/10-quantiles, also known as the deciles. 
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Explanation of the meaning of the boxplot diagrams used in this paper. 

3.1.3 Other relevant quantities 

The TID related quantities were compared with a number of geophysical parameters: 

The maximum electron density NmE2 of the F2-Jayer observed at De Bilt (52° N, 5° E, 
about 130 km south-west of the WSRT). If an acoustic-gravity wave, AGW, is present 

in the Frlayer of the ionosphere (200-400 km altitude), the amplitude of the 

corresponding TID should in some way be proportional to NmF2, the maximum density 

of the tracers in the layer. 

Geomagnetic a-indices. These 3-hourly indices give an indication of the geomagnetic 
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92 

activity. They are derived from 3-hourly k-indices that give the geomagnetic activity on 

a "quasi"-logarithmic scale. Mayaud (1980, p.31 ff.) gives a description of the various 
geomagnetic indices and scales. Four contributions to the geomagnetic activity can be 

distinguished (Constantin, 1988): 
a) the slow steady flowing solar wind (-35%) is responsible for the activity on quiet 

undisturbed days. 
b) coronal holes (-41%) produce most geomagnetic storms. Before sunspot minimum 

they cause a second maximum in the geomagnetic activity. They may also cause 
27 -day recurrence and semiannual variations. 

c) solar eruptions (-5%). 
d) a remainder of -19%, for which no dominant cause can be pointed out. 

The electron content and the critical frequencies of the ionosphere are strongly 
coupled to the geomagnetic activity (see e.g. Wrenn and Rodger, 1989). Therefore, a 
relationship between the ionospheric response to AGWs and the geomagnetic activity 
may be anticipated. Furthermore, the geomagnetic activity may be considered as an 
indicator for the amount of energy deposited into the upper atmosphere of the earth by 
the sun. 

We used the geomagnetic a-index aw observed at Witteveen (about 13 km 

south-east of Westerbork) and the !in-index, which is an indicator of the geomagnetic 
activity in the northern hemisphere. aw characterizes the geomagnetic activity in a 
somewhat smaller region around the site of observation than !in· 
The auroral electrojet index AE. This geomagnetic index is a good indicator for the 
strength of the auroral electrojets (Mayaud, 1980). In the auroral zone there is an 
eastward current over a limited longitude range during the local afternoon I early 
evening and a westward current during local night I early morning. These currents are 
called the electrojets. The temporal variations of the electrojets are monitored by 
observing the variation of the horizontal component of the geomagnetic field, L'iH, 
along a chain of 10-13 observatories in the auroral zone. For the eastward electrojet 
L'iH > 0 holds while for the westward electrojet L'1H < 0. The upper and lower envelope 
gf L'iH, as observed at the stations in the chain, define the AU- and AL-index. They are 
tabulated hourly. The AE-index by definition equals AU-AL. It is a measure for the 
strength of the auroral electrojets which is not contaminated by the zonal (ring) current. 
Joule heating by the auroral electrojets can semi-empirically be related to the currents 
and the electrojet indices (Nisbet, 1982; Kamide and Kroehl, 1987). Lorentz forces can 

also be associated with the auroral electrojets. As we saw in section 1.2, both external 
forces and heat inputs can act as sources of AGWs. The AE-index can therefore be 
used as an indicator for the intensity of auroral sources of AGWs. Amongst the first 
who observed a relationship between AGWs and the AE-index were Forbes and 
Marcos (1973). Evidence for the excitation of gravity waves by Joule heating in the 
auroral region was, amongst others, presented by Lanzerotti et al. (1987) and by 



Williams et al. (1988). 

Although auroral excitation is thought to be the most important source for large 
scale travelling ionospheric disturbances, LSTIDs, other mechanisms may be more 
important for medium scale travelling ionospheric disturbances, MSTIDs, observed at 
mid-latitudes. One argument for this is that MSTIDs are subject to larger dissipation 
when propagating from the polar region towards mid-latitudes, because their horizontal 
group (and phase) velocities are smaller than those of LSTIDs (figures 1.10-11 ). Also, 

MSTIDs usually propagate under a larger angle with the horizontal than LSTIDs (figure 
1.7). For certain periods and wave numbers the atmosphere can act as an imperfect 

duct for AGWs. The surface of the eanh acts as a rigid boundary that totally reflects 
AGWs. The upper boundary of the duct can either be the base of the thermosphere with 
its sharply increasing temperature and velocity of sound (Francis, 1974), the 

mesospheric temperature maximum that partially reflects and transmits AGWs 
(Hines, 1960), or the level where the phase velocity becomes equal to the component 
of the background wind parallel to it (Cowling et al., 1971). It may, however, be 
questioned whether AGWs of auroral origin that have undergone multiple partial 
reflections still dominate AGWs of other (more local) origin at mid-latitudes. Clarifying 
this issue is one of the reasons for performing a climatological study. 

The international sunspot number, Ri. and the solar flux at 10.7 cm,_f10 , 7 , as 
indicators of the solar activity. It would have been interesting to compare the variations 
in the amplitude and the frequency of occurrence of TIDs with the variations in the 
solar extreme ultra-violet (EUV) flux. Unfortunately hardly any continuous 
measurement of this flux took place during 1980-1988 (only during part of the year 
1980 the Atmospheric Explorer satellite AE-E did such measurements, and rocket 
measurements are available only incidentally). According to Lean (1988, figure 11) the 
variations in the solar flux at 10.7 em do correlate rather well with those at EUV 

wavelengths on time scales of tens of days. 

3.1.4 Other observations 

Our climatological results will be compared with the following observations made by 
others: 
a) Munro (1958) used a triangular ionosonde network to record virtual heights at a 

single frequency around 5.8 MHz. His measurements were carried out only during 
the daytime hours (7 h-17 h LT) at Sydney (34° S, 151° E) and covered the years 

1948-1957. The recording technique has extensively been described by Munro 
(1950). Results on the daily, the seasonal, and the annual variation in the occurrence 
of TIDs, and on the direction and the magnitude of the horizontal phase velocity were 
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obtained from the database of almost 14000 TID events. 
b) Titheridge (1968, 1963) used oblique total electron content as obtained from Faraday 

rotation measurements on the signal of the transit satellite Cosmos 5 and the 

geostationary satellite Syncom 3. 133 out of 480 passes of Cosmos 5 were used to 
study the wavelength distribution of TIDs. The 137 MHz signal of Sync om 3 was 
recorded at Auckland (37° S, 175° E) and Invercargill (47° S, 168° E). These 
observations were made in the period August 1965 until December 1966. The daily 
and the seasonal variation in the occurrence, the period, and the amplitude of TIDs 
were studied. 

c) Evans (1983) used the Millstone Hill (43° N, 72° W) satellite tracking radar to record 
the differential Doppler shift of the signals of the Navy Navigation Satellite System 
(NNSS) satellites from January 1971 to March 1973. In total 2000 transits, covering 
all times and seasons, were tracked during this 27 -month period. The analyzed 

quantities were the occurrence, the amplitude, and the wavelength of TIDs. 
d) Waldock and Jones (1986) observed the vertical F-layer motions due to Tills, by 

means of a four station Doppler sounding network, from 1972 to 1975 in Leicester 
(53° N, 1° W). Their total time of observation amounted to 10975 hours. During 
4795 hours waves were clearly present on all four observed traces. They reported on 
the seasonal and the daily variations in the occurrence, the amplitude, the period, the 
magnitude and the direction of the phase velocity of Tills. They also investigated the 
relationships with the Zurich sunspot number, the mean daily planetary geomagnetic 
~-index (see Mayaud (1980) for its precise meaning), and the mean daily AE-index. 

e) Ogawa et al. (1987), like Evans (1983), did measurements of the differential 
Doppler shift of NNSS satellite signals from March 1985 till January 1986 at Syowa 

Station (69° S, 37° E). TIDs observed during 428 out of a total of 10000 satellite 
passes, were taken to study the geographical, the daily, and the seasonal variation in 
the occurrence of Tills. Also the dependence of the occurrence of Tills upon the 
local 3-hourly geomagnetic k-index was studied. 

f) Hirota ( 1984) derived the seasonal and latitudinal variation in the amplitudes of 
gravity waves in the middle atmosphere from observations of the vertical profiles 
(20-70 km) of the horizontal wind and the temperature obtained by rocket soundings. 

g) Vincent and Fritts (1987) gave a climatology of gravity waves in the mesopause 
region (60-100 km) over Australia, based upon partial reflection radar observations 
of horizontal velocity perturbations. 

h) Meek et al. (1985) reported on radar observations of gravity waves between 60 and 
110 km above Saskatoon (52° N, 107° W), made in 1981 and 1982. Manson and 

Meek (1988) reported on similar observations made in 1983-1985. Results on the 
seasonal and height variations in the amplitudes of gravity waves with periods in 
between 10 minutes and 1 hour are presented in these papers. The daily variation in 
the amplitude of gravity waves was discussed by Manson and Meek (1989). 
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3.2 Example of a WSRT observation 

Figure 3.2 shows a typical example of TIDs manifesting themselves as wavelike 

fluctuations in the observed interferometer phase. From 8h30-9h only incoherent 

fluctuations are present. For the other half hour intervals 9h-9h30 and 9h30-l Oh the wave 

patterns along the baselines OD and OB are quite similar. The half peak-to-peak amplitude 

of the phase fluctuations observed along the OB baseline is about half that of those 

observed along the OD baseline. The grey plot (d) also nicely demonstrates the scaling with 

the baseline length for the wave patterns between 9h and 1 Oh. The half hour interval 8h30-

9h has been classified as containing only noise (class D), the other two intervals as 

containing TIDs of class B. Note that the amplitude of the radio signal (a) varies little in the 

course of the observation. 

3.3 The observed periods, amplitudes and frequencies of 
occurrence of TIDs 

Figure 3.3b shows the histogram of the periods of all TIDs in the classes A and B from all 

49 em and 92 em observations. For class A and B the observed distribution of periods is 

quite similar. The values for class A are slightly larger than those for class A and B 

together. 

A significant number of irregularities have periods of only a few minutes, while the 

Brunt-Vaisala period in the ionospheric F-region has a minimum at night of at least about 

10 minutes (during daytime typical values of the Brunt-Vaisiila period are 12-16 minutes). 

We conclude that either some of the observed periods must be Doppler shifted and are 

apparent periods, or some of the irregularities can not be attributed to gravity waves: they 

may be due to infrasound (the acoustic branch of AGWs) or to drifting irregularities in 

electron density that do not satisfy the dispersion relation for AGWs. 

The effect of Doppler shifting can be understood as follows: if the intrinsic angular 

frequency of an AGW (the angular frequency in the rest frame of the fluid, where the 

dispersion relation ( 1.19) holds) is ro, the wave vector of the AGW is k, and the velocity of 

the fluid relative to the observer is u (the background wind), then the Doppler shifted 

apparent angular frequency, ro', equals: 

ro' = ro + k. u (3.2) 

The vertical component of the background wind can be neglected, so the intrinsic period, 

T, and the apparent period, T', are related as: 

(3.3) 
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Figure 3.2 
Example of a WSRT observation. Observation of the radio source 3C286 at 14 January 
1982 from 8h37-10h01 UT at a wavelength of 49 em. Part (a) shows the amplitude and (b) 
the phase difference observed with the baseline OD (2772 m); (c) shows the phase 
difference observed with the baseline OB (1476 m); and (d) shows the variation of the 
observed phase difference for all baselines ordered with respect to baseline length. (see 
figure 2.4 for an explanation of the numbering of the baselines). 

where A.h is the horizontal wavelength, and Azk and Azu are the azimuths of the wave 
vector and the wind. For typical values of T=15 min, A.h=200 km, and lul=lOO m/s (F
region), one obtains T'=l0.3 min if the wave vector and the wind are parallel, and T'= 
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27.3 min if they are antiparallel. We conclude that the Doppler shifting hypothesis is able to 
explain the observed small apparent periods. The effects of the background wind will be 
discussed further in the sections 3.4.3 and 3.4.6. 

The small number of TIDs with large periods in figure 3.3 is not due to the fact that 
observations were analyzed per half hour. Most observations had durations of 1.5 to 3 
hours, so in principle TIDs with periods from 0.5 hour up to 1 hour could have been 
detected. Radio interferometry, measuring the horizontal gradient of the total electron 

content (TEC), is more sensitive to small and medium scale TIDs than other techniques that 
measure the TEC itself. Large scale TIDs with their large wavelengths (see section 1.3) are 
not so easily detected by this technique. Note that only TIDs with periods smaller than 1 
hour were included in our database because 1 hour was the minimum duration of the 
observations (see section 3.1.2). 
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Figure 3.3 
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Observed distributions of (a) the amplitude, AEW• (in 1010 electrons m'3) and (b) the 
period, T, (in minutes) ofTJDs of the classes A (black) andB (grey). 
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Figure 3.3a shows the histogram of the amplitudes of Tills in the classes A and B 
from all observations. The amplitudes of TIDs in class B are smaller on the average than 
those in class A, since by definition they have a smaller signal-to-noise ratio (section 

3.1.2). In the following sections the variations in the amplitude and the period of TIDs will 
be studied for the set of class A and B data together. Data only from class A has been used 
to check the statistical trends and effects in the ensemble of class A and B data. 

Figure 3.3 illustrates that neither the distribution of the TID amplitudes nor that of 
the TID periods resembles a symmetric Gaussian one. This is the reason why the use of 
distribution independent boxplots is to be preferred above the use of means and standard 
deviations, as we argued in section 3.1.2. 

In figure 3.4a the frequency of occurrence of the various classes is presented for 
several subsets of data. It can be seen that the frequencies of occurrence of class A and B 
are about the same for the 49 em and the 92 em observations. Phase errors due to 

irregularities in the electron content are proportional to the wavelength of observation, so 
the visibility ofTIDs may also vary with this wavelength. One is tempted to conclude that 
the dependence of the visibility upon the wavelength of observation is not severe. It 

should, however, be kept in mind that the 49 em and the 92 em observations were not 
made simultaneously. The 49 em observations were mostly made in the years 1980-1983 
with high solar activity, and the 92 em observations mostly in the years 1984-1988 when 
the solar activity was lower (table 3.1). Solar activity might enhance the occurrence of 
TIDs, thus obscuring the lower visibility ofTIDs for the 49 em observations. 

The occurrence frequencies of the classes do not vary much from one subset of data 
to another. An exception is the subset with a southward line-of-sight. The small frequency 
of occurrence of TIDs (class A or B) for this subset will be discussed in more detail in the 
section where we consider the daily variations in the frequency of occurrence of TIDs. 

In figure 3.4b boxplots of the amplitudes of the Tills are shown for the same 
subsets of data. The amplitudes have been properly scaled with the observational frequency 

and the length of the baseline of the interferometer following equation (3.1 ). Note that the 
scale of the amplitude axis is logarithmic: the spread in values above the median is much 
larger than that below the median. There is a distinct difference between the 49 em and the 
92 em observations. The amplitudes are larger for the 49 em observations. This does not 
mean that the observations are inconsistent; it is probably due to the fact that the 92 em 
observations were made in later years, when the solar activity was lower. The amplitude of 
TIDs is also found to be largest in spring and winter and smallest in summer, and there are 
slight differences between observations with the line-of-sight pointing to different parts of 
the sky. These differences will be discussed more extensively in the following sections. 
For the period of TIDs only minor differences were found between the different subsets of 
data. 
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Figure 3.4 
(a) The occurrence frequency of the classes A (black), B (grey), and C (hatched) and (b) 

boxplots of the amplitude of T!Ds, AEw' (in 1010 electrons m·3
) for some subsets of half 

hour observations. The subsets considered are from left to right: the subset of all data, the 
subsets of data obtained at 49 and 92 em, the subsets with the azimuth of the line-of-sight 

in each of the quadrants, and the subsets of data for the seasons; as indicated along the 

horizontal axis. For the amplitude only T!Ds from classes A and B were included, and the 
boxplot for the subset of all T!Ds of class A is also shown (entirely on the left) . 
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3. 4 Dai1y variations 

3. 4.1 Daily variation in the frequency of occurrence of TIDs 

Figure 3.5 shows the daily variation in the frequency of occurrence of classes A, B, and C 

for the eight periods of observation consisting of a fair amount of half hour observations. 

These periods are indicated by an asterisk in table 3.2. In this chapter time is synonymous 

to universal time (UT), unless explicitly stated otherwise. 

First we discuss the periods of observation January-March 82, January-March 83, 

December 83-March 84 and November 87-February 88. For these winter-spring periods, 

the frequency of occurrence of class A Tills shows a marked peak at noon, minima before 

sunrise and after sunset, and often a small secondary maximum at night. For the TIDs of 

class B, there is a less marked, but mostly similar, variation. The ensemble of class A and 

B Tills has about the same characteristic daily variation as those of class A solely. The 

observations of class C that contain disturbances that may either be Tills or noise show 

little variation with time. The noon maximum in the occurrence frequency of class A TIDs 

in November 87-February 88 was significantly smaller than during the other three periods 
of observation. This may be related to the lower solar activity during this period. We will 

discuss this further in section 3.5. 

In February-May 85 the maximum in the frequency of occurrence ofTIDs seems to 

have been shifted somewhat towards the morning hours, and in April-June 80 the 

maximum frequency of occurrence of Tills was close to sunrise. For the summer periods 

July-August 85 and June-August 86 the frequency of occurrence of Tills was very small 

during daytime and it was similar to that for the winter-spring periods during nighttime. 

Since the seasonal variation in the daily behaviour of the occurrence of Tills is 

stronger than the interannual variation we have plotted the daily variation in the occurrence 

for each of the seasons in figure 3.6. For summer the characteristic daily variation in the 

occurrence of Tills strikingly differs from that for the other seasons, showing a minimum 

at noon instead of a maximum, and as we also saw in figure 3.5, the noon maximum 

occurs somewhat earlier for spring than for winter. 

Results similar to ours were obtained by Munro (1958, figure 2), Titheridge (1968, 

figure 6), Evans (1983, figure 9), and Waldock and Jones (1986, figure 6c). 

Munro (1958) was the first to report a noon maximum in the occurrence of TIDs. 

His observations were made only during daytime so he could not observe a possible night

time maximum. 

Both Evans (1983) and Titheridge (1968) found a strong daily variation in the 

occurrence of Tills in winter and at the equinoxes with a maximum at local noon which is 

largest in winter, as well as small secondary maxima around midnight and minima around 

sunrise and sunset. For the summer Titheridge found a more or less semidiurnal variation 

in the occurrence with again peaks at noon and midnight, while Evans found a somewhat 
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The daily variation in the frequency of occurrence of classes A (black), B (grey), and C 

(hatched)for the eight periods of observation indicated in table 3.1. 

irregular daily variation with maxima at about 21 h and 8 h local time and an absence of 

TIDs in the early morning. The overall occurrence of TIDs in summer, relative to the other 

seasons, found by Evans, was larger than the one we observe. 
Waldock and Jones (1986) did not study the daily variation for each season 

separately, but report a strictly diurnal variation in the occurrence ofTIDs with a maximum 

just after local noon for data stretching over several years. 
Ogawa eta/. (1987, figure 7) found a daily variation with a large maximum in the 

occurrence of TIDs in the afternoon at about 15 h and a smaller maximum at 4 h local time, 
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Dependence of the daily variation in the occurrence of classes A (black), B (grey), and C 

(hatched) upon season. Data from several years have been combined. 

that may have been underestimated due to the frequent presence of scintillations at that time 
of day. Again the primary maximum was largest in winter. In the winter months, May, 
June and July, the primary maximum was observed after local sunset, which is related to 
the short duration of the day in winter at the Syowa location. The displacement in time of 
the maxima they observe must also be related to this particular geographical location in one 
way or another. 

We conclude that our results agree well with those obtained at other places by a 
wide range of techniques. The observed daily variation in the frequency of occurrence of 
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TIDs ought to be compared with the daily variation in the visibility of TIDs. During night

time the visibility is expected to be smaller because the night-time electron density is smaller 

than the daytime one, which is in contradiction with the observed large night-time 
frequency of occurrence of TIDs. In section 3.4.4 we will discuss this further. 

We have also investigated the dependence of the daily variation in the frequency of 
occurrence of TIDs upon the direction of the line-of-sight. Waldock and Jones (1984, 

1986) claimed a rotation of the direction of propagation of TIDs in the course of the day. 
Since the visibility of TIDs depends upon the direction of the wave vector, a dependence of 
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Dependence of the daily variation in the frequency of occurrence of classes A (black), B 

(grey), and C (hatched) upon the direction of the line-of-sight. The azimuth of the line-of

sight lies in a quadrant around north, east, south, and west respectively. Data from summer 

months were not included, since the daily variation for summer differs too much from that 
for the other seasons. 
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the frequency of occurrence of TIDs upon the direction of the line-of-sight may be 

anticipated. Figure 3.7 shows the daily variation in the frequency of occurrence with the 
line-of-sight pointing towards each of the quadrants. Data from the summer months have 

been excluded in view of the deviating daily variation in summer. Only minor differences 

are found between eastward and westward lines-of-sight. Somewhat more class A TIDs are 
observed with an eastward line-of-sight around noon. For northward directions of the line
of-sight the distribution is similar but more irregular and perhaps somewhat broader. For 

southward directions the difference is dramatic. The daytime and the night-time frequencies 
of occurrence of TIDs seem to be of the same order of magnitude for class A TIDs. For 

class B TIDs there is still a small maximum at noon. It should be noted that the amounts of 

half hour observations used in figure 3.7 with a northward (335) and a southward (493) 

line-of-sight were considerably smaller than those with an eastward (1604) or a westward 

(1525) line-of-sight. Yet we do not believe that the small frequency of occurrence ofTIDs 
with a southward line-of-sight during daytime is a statistical artefact. It either has 
something to do with an observational bias, which decreases the sensitivity to observe 

TIDs southward of the WSRT, or there are actually fewer TIDs in this direction. In section 
2.4 the response of a radio interferometer for observation of AGWs in the neutral 
atmosphere was evaluated. If the horizontal gradients in the electron density are small, 

(2.4.21) can be used to estimate the amplitude AEw (the response in the east-west gradient 

of vertical total electron content (3.1)) for a plane wave with frequency ro and wave number 
k: 

I b u sin(k .I LRI /2) J i k .rr (z -z.J I Zr I 
_·_n_ R0(k,r

1
) Ne0(z)e dz 

(I) 
(3.4) 

with 

Ro =(k.b)-(b.ez)(k.rr)/(ez.rr) = k.[ezA(btHr)] /(ez.rr) 
(3.5) 

= k sin(Zk) [ cos(lb) cos(Azk-Db) + sin(lb) cos(AZr-Azk) tan(Zr)] 

Here rr is the direction of the line-of-sight, b is a unit vector in the direction of the 

geomagnetic field, and I a unit vector in the direction of the baseline of the interferometer 
(east-west for the WSRT). Ib and Db are the inclination and declination (azimuth) of the 

geomagnetic field. Azimuths are expressed in degrees east from north by convention. 

For the WSRT the sin(k.l LRI /2)-term will maximize for AGWs with eastward or 
westward wave vector k, and vanish for those with exactly northward or southward wave 

vector (figure 2.19). The R0-term in (3.5) depends upon the geometry of the line-of-sight, 

the wave vector, and the geomagnetic field. It vanishes for all waves with azimuths given 

explicitly by (2.4.10), for example, if the line-of-sight is (anti)parallel to the geomagnetic 
field. If the line-of-sight is southward it may become almost anti-parallel to the geomagnetic 
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field. One might, therefore, anticipate the observed smaller frequency of occurrence of 
TIDs with a southward than with a northward line-of-sight (figure 3.4a and 3.7). Actually, 
in graphs of the response function (figures 2.16-18), the influence of the geomagnetic field 
causes a dip in the response, if the ionospheric point lies in a strip that is perpendicular to 

the wave vector k and that passes the observer on the southern side (in the northern 
hemisphere). This geomagnetic field modification is important in only a small part of the 
range of locations of ionospheric points, however. It turns out that differential Doppler 
frequency registrations do reveal many TIDs southward of the observer with amplitudes 
that are often larger than those of TIDs observed northward of the observer (section 4). 

That corresponds with the small response northward of the observer for approximately 
southward propagating AGWs (see figures 2.16-17). The sin(k.l LRI /2)-term does not 
occur in the response in TEC for the differential Doppler technique. Therefore, we propose 
that the small frequency of occurrence of TIDs observed south of the WSRT is due to the 
relative orientation of the wave vectors with respect to the orientation of the WSRT; i.e., 
north of the WSRT wave vectors are more inclined towards east-west, while the WSRT 
baseline is also east-west, and therefore these TIDs are better visible. 

The effect of the geomagnetic field, contained in the b.un·term and the R0-term in 
(3.4-5), will only cause minor differences between eastward and westward lines-of-sight. 

The sin(k.l LRI 12)-term in (3.4-5) is not different for eastward and westward lines-of-sight 
either. The inproduct between the wave vector k and the vector in the direction of the line
of-sight r r in the integral in (3.4) does introduce an important difference in visibility 
between eastward and westward lines-of-sight. The best visibility is reached when this 
inproduct vanishes, i.e., if one looks along the planes of constant phase of the TID. The 
planes of constant phase of upward propagating TIDs are tilted forward (figure 1.5), so the 
largest response is found if the horizontal components of the line-of-sight vector rr and 
the wave vector k or, equivalently, the phase velocity, are almost parallel. This means that, 
for example, eastward propagating TIDs are best visible with an eastward line-of-sight. 

The fact that the frequency of occurrence with eastward lines-of-sight is larger than with 
westward lines-of-sight around noon would then imply that around noon more TIDs have 
phase velocities with an eastward component rather than with a westward component. This 
is exactly what has been observed by Waldock and Jones (1986) and Kalikhman (1980). 

3. 4. 2 Daily variation in the amplitude of TIDs 

Figure 3.8a shows the daily variation in the mean amplitude ofTIDs of classes A orB, and 
figure 3.8b its hourly boxplots, for all half hour observations. The daily variation in the 
amplitude of TIDs exhibits a mainly semidiumal variation with maxima around noon and 

midnight. A strong maximum in the TID amplitude around noon was also found by Kelder 
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(a) The daily variation in the mean amplitude. 
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and Spoelstra (1987) for the observations made in January-March 1982 and 1983. Observe 

that the noon maximum occurs slightly before 12h UT. In fact it coincides almost with local 
noon, which occurs at about llh34 UT. 

The errors in the mean values in figure 3.8a are seen to be much smaller than the 
ranges of the 95 % confidence interval for each hour in figure 3.8b. A difference is to be 
expected, since the error in the mean value is something like a 68 % confidence interval: 

68 % of the values is supposed to be within the standard deviations of the distributions, 
and the error in the mean value equals the standard deviation times the square root of the 
number of data in a sample. On account of the asymmetry in the distributions shown in 
figure 3.3, we prefer boxplots to study the variations in TID related quantities, as we 
discussed above. Although not explicitly shown, mean values have always been used for 
additional checks on the significancy of the effects observed in the medians. 

Figure 3.8c gives the amplitudes and figure 3.8d the phases of the first four 

harmonics of the mean amplitude and the median amplitude. The error bar above each 
amplitude bar in figure 3.8c indicates the error size of the amplitude of the harmonic. The 
harmonics were evaluated by fitting them to the data by the least squares method. In this 

procedure mean and median values of the amplitude were attributed weights proportional to 
the inverse square of their errors. The errors in the median values were taken to be half the 

size of the 95 % confidence interval for the median. The goodness of the fit was judged by 
considering ·l per degree of freedom and the multiple correlation coefficient R. For all fits 
of daily harmonics discussed in this section R was larger than 0.92. 

The large difference between the amplitudes of the harmonics of the mean and the 
median amplitude in figure 3.8c is again due to the asymmetry in the distribution of TID 
amplitudes. 

Strictly speaking, the least squares method should not be used to evaluate the 
coefficients of the harmonics, since one does not know a priori how to scale the errors in 
the amplitude as a function of the magnitude of the amplitude. One only knows that the 
distrbution is not Gaussian. Therefore, the least squares method was used anyway to offer 

an estimate of the harmonic coefficients. 
The amplitude of the Oth order harmonic, i.e., the constant background, of the 

median amplitude of 3.9x 10 10 electrons m - 3 differs slightly from the median amplitude 
evaluated over the entire sample (figure 3.4b), which is 3.7x10 10 electrons m-3

• These 
values are, however, still consistent if 95 % confidence intervals (width- O.lxl0 10 

electrons m-3
) are considered. For the mean amplitude, the value for the Oth order harmonic 

and the value for the entire sample are both 5.0x1010 electrons m-3
• 

Figure 3.9 shows how the daily variation in the amplitude of class A or B TIDs 
changes with season. Just like for the frequency of occurrence of TIDs (figure 3.6), the 
daily variations in the amplitude of TIDs for spring and winter are similar. The variation for 
autumn looks different, but this is partly due to the small amount of data included in the 
graph. The daytime maximum in the amplitude of TIDs seems somewhat broader in the 
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B for the seasons. The solid lines give the fitted sum of the constant background, and the 

24 h-, the 12 h-, and the 8 h-harmonics to the data. 
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autumn than in the spring and the winter. For the summer more data are available than for 

the autumn, but there seems to be no peak in the amplitude of Tills around noon. The noon 
maximum in the TID amplitude is largest in the winter. This is all similar to the observed 

daily variations in the frequency of occurrence (figure 3.6). Finally note that, both for the 

winter and the spring, the width of the noon maximum is about 9-10 hours, centered 

around 12 h local time. 

Figure 3.10 shows how the daily variation in the amplitude of class A orB Tills 

varies with the direction of the line-of-sight. As for the frequency of occurrence of TIDs, 

the noon maximum is larger for eastward than for westward lines-of-sight, while for the 

night-time maximum, it is just the opposite. Both the difference in the frequency of 

occurrence and the difference in the amplitude of TIDs with eastward and westward lines
of-sight would imply that the phase velocity of most Tills has an eastward component 

around noon and a westward component around midnight. This is related to the fact that 

eastward (westward) propagating Tills are best visible with an eastward (westward) line-of
sight, as we discussed in 3.4.1. Waldock and Jones (1986, figure 10) and Kalikhman 

(1980) actually found that during daytime (roughly until 15 h) the phase velocity of most 

medium scale Tills has an eastward component rather that a westward one, and that during 
night-time there may be a preference for the phase velocity to have a westward component, 

although the directions of the phase velocity that they observed at night are more dispersed. 

As we saw above, the frequency of occurrence of TIDs with a northward and 
especially a southward line-of-sight during daytime is small; it is difficult to draw firm 
conclusions from figure 3.10. Still it seems that, apart from the frequency of occurrence, 

also the amplitude of TIDs is small during daytime for southward lines-of-sight. We 
suggested above that this may be caused by a difference in visibility due to a geographical 
difference in the orientation of the wave vectors. If the phase velocities at low latitudes are 

more inclined towards south (or north), the visibility for an east-west radio interferometer 

will be considerably smaller when looking southward than when looking northward. 

The comparison of the results for the frequency of occurrence of Tills, discussed in 

section 3.4.1, with the ones for the amplitude of Tills, shows that their daily variations are 
usually similar. This is related to the fact that TIDs with large amplitudes are better visible 

than those with small amplitudes. 

In the following sections, 3.4.3-5, we will discuss whether filtering by the neutral 

wind in the thermosphere, the daily variation in the electron density, or the daily variations 

in the sources of AGWs can explain the observed daily variation in the amplitude and the 

frequency of occurrence of Tills. 
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Figure 3.10 
The dependence of the daily variation in the amplitude, AEw, (in 1010 electrons m-3

) of 

TlDs of classes A and B upon the direction of the line-of-sight. The azimuth of the line-of
sight lies in a quadrant around east, west, north, and south re:.pectively. Data from the 

summer months were excluded, since the daily variation for summer differs too much from 
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3. 4. 3 Daily variations caused by filtering by the neutral wind 

The influence of the neutral wind upon AGWs propagating upward into the thermosphere 
was discussed by Cowling et al. ( 1971 ). The effect is different for different directions of 
the phase velocity of the AGWs, and it is due to Doppler shifting of the period (equation 
(3.2-3)). AGWs with phase velocities roughly parallel to the neutral wind may encounter a 
level where the component of the background wind parallel to their phase velocity becomes 
equal to their phase velocity. At such a critical level, the intrinsic period of the AGW 
approaches infinity, and the AGW is either dissipated or reflected. AGWs with phase 
velocities roughly antiparallel to the neutral wind may encounter a level where the intrinsic 
period becomes equal to the Brunt-Vaisala period. At such a level they are partially 
reflected. AGWs with phase velocities perpendicular to the neutral wind are not affected by 
it. Hence, the neutral wind acts as a directional filter for AGWs, preferentially allowing 
those AGWs to pass that have phase velocities perpendicular to it. 

200 km 

4h 

N 
• 

100 m/s 

100 m/s 

A 8 
100 km N 

Figure 3.11 
Hodograph of the neutral wind velocity obtained from incoherent scatter radar observations 

at St. Santin (45°N, 2° E): (a) at an altitude of200 km (fromAmayenc, 1975) and (b)atan 

altitude of 100 km (from Berte/, 1984; see also Mercier, 1986). 
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Observations of the thennosphere wind, made with the incoherent scatter radar in 

St. Santin (45° N, 2° E), have been reported by Amayenc (1974, 1975; our figure 3.lla). 
Between 200 km and 450 km altitude the daily variation in the wind is dominated by a 
diurnal component whose phase is almost constant with altitude. The meridional 
component of the wind is northward during daytime and southward during night-time. The 
zonal component is eastward from about 13 h - 1 hand westward from about 1 h - 13 h. 

The wind velocities are of the order of 100-200 m/s at this altitude range, which is 
comparable with the values reported for the phase velocities of medium scale TIDs. 

Lower in the atmosphere, in the altitude range 100-150 km, the variation in the 
background wind is dominantly semidiurnal. Whereas UV -absorption in the thennosphere 

mainly excites a diurnal tide, absorption in the middle atmosphere excites a diurnal as well 
as a semidiumal tide. The diurnal tide that is excited in the middle atmosphere is largely 
damped in the mesopause region, so, little of it is left in the thennosphere. The semidiurnal 
tide that is excited in the middle atmosphere is less severely damped than the diurnal tide as 
it propagates upward, since it has a larger vertical wavelength. The phase of the 
semidiurnal tide is not constant in the altitude range 100-150 km, but it propagates slowly 

downward (Wand, 1983). Results for St.Santin have been reponed by Bertel (1984, our 
figure 3.11 b). The magnitude of the wind is of the order of 50-100 m/s, considerably 
smaller than higher up in the thennosphere. Filtering in this range of altitudes can hardly 
affect the AGWs associated with the medium scale TIDs observed in the F-region, since it 
is widely accepted that most of them have phase velocities of 100-300 m/s. 

In the altitude range 150-200 km the change from a dominantly semidiurnal to a 
dominantly diurnal tidal wind takes place, and the magnitude of the tidal wind gradually 
increases. 

From the above it can be concluded that the phase velocity of AGWs should have a 
preferred direction that is eastward or westward around 13 h and 1 h, and that is northward 
or southward around 5 h and 20 h. 

The WSRT is more sensitive to AGWs propagating eastward and westward than to 
AGWs propagating exactly northward or southward (cf. (3.4) and figure 2.19). This leads 
one to expect maxima in the frequency of occurrence and the amplitude of TIDs at about 1 h 
and 13 h and minima at about 5 h and 20 h. The graphs of the daily variation in the 
amplitude of TIDs (figure 3.8-9) and the histograms of the daily variation of the frequency 
of occurrence (figure 3.6) show maxima around noon and midnight for the winter and 
spring observations. For autumn relatively few data were available, and the frequency of 
occurrence also shows the expected behaviour, while the amplitude does not. For summer 
the behaviour is qualitatively different altogether. We conclude that the daily variations are 
not fully consistent with filtering by the neutral wind. 

It should be remarked that the perpendicularity of the phase velocity and the neutral 
wind vector, which we have used in the above arguments, has not yet been firmly 
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corroborated by observational evidence. Relatively few medium scale TIDs are observed 
with phase velocities parallel to the neutral wind. Waldock and Jones (1986, figures 10,11, 
and 13) claimed that the phase velocity rotates clockwise along with the neutral wind, and 
that the average direction differs in between 90° and 180°, measured clockwise, from the 
direction of the neutral wind for most of the day, except in between 0 h and 2 h, when it 
differs in between 180° and 270° from the direction of the neutral wind. Equivalently, 
during most of the day, the direction of the phase velocity was roughly in the part of space 

visited by the vector opposite to the neutral wind in the six hours before observation. The 
mean direction of the phase velocity is southeastward from 8 h until about 15 h and 

southwestward in between 15 hand 18 h according to their figure 10. In the evening the 
phase velocities that they observed show a lot of scatter, although there seems to be a bias 
towards a northwestward orientation. The observations presented by Kalikhman {1980) 
show a similar daily variation of TID azimuth with the transition from southeastward to 
southwestward directions of the phase velocity occurring at about 14 h. These observations 
seem to contradict the assumed importance of reflection. In any case, it is not clear why 
there are almost no TIDs during daytime with a phase velocity whose direction differs 225°-
315° clockwise from the direction of the wind (perpendicular to it). 

Note that the preferred southeastward direction of the phase velocity around noon 

explains that the frequency of occurrence and the amplitude of TIDs is larger with eastward 
than with westward lines-of-sight around noon (cf. section 1.2, figure 1.5). 

3.4.4 Daily variation in the electron density in the Fz-layer 

The daily variation in the amplitude ofTIDs may also be compared with the daily variation 

in NmF2, the maximum electron density in the ionosphere. It is tempting to assume that an 
increase in NmF2, i.e., an increase in the amount of tracers, enhances the visibility of 
AGWs, and thereby also enhances the frequency of occurrence and the amplitude ofTIDs. 
In figure 3.12 the daily variation in NmF2 is compared with the daily variation in the 
amplitude ofTIDs, for January-March 1982. The NmF2 data were derived from ionograms 

that were recorded at De Bilt at the whole hour closest to the occurrence of the individual 
TIDs observed with the WSRT. As is well known, NmF2 shows a dominantly diurnal 
variation, that is strongest in winter. The night-time peak in both the frequency of 

occurrence and the amplitude of TIDs is in contradiction with the small night-time value of 
NmF2. Furthermore, the relative variations in NmF2 in the course of the day are much 
larger than those in the median amplitude of TIDs, and the daytime peak in N mF2 is much 
broader. Similar differences were found for the other periods of observation. 

It must be stressed that it is not just the peak electron density that determines the 
response to an AGW in the neutral atmosphere. According to formula (1.33) the 
ionospheric response to passing AGWs is also affected by the vertical and horizontal 
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gradients in the electron density. During night-time the amount of electrons decreases, but 
the vertical gradients do not decrease correspondingly, since the thickness of the 
ionosphere also decreases (the ionization in the lower parts of the ionosphere, the D-, 
and F 1-layer, disappears by recombination). Unfortunately, the parameters that are 
determined from ionograms in a standard way do not offer much information about the 
thickness of the ionosphere or about the gradients in the electron density. The horizontal 
gradients are largest around sunrise, and the vertical gradients usually are largest just before 
sunrise, which would lead to a large response at this time of day. Figure 3.12 clearly 
demonstrates that large TID amplitudes are not observed at this time (5 h 8 h UT). We 
therefore do not believe this is the explanation for the difference between the daily 
variations in NmFz and the amplitude or frequency of occurrence of TIDs, and we conclude 
that the daily variation in the distribution of tracers (electrons) cannot entirely explain the 
daily variation in the occurrence and in the amplitude ofTIDs by itself. 
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Figure 3.12 
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Comparison of the daily variation in the amplitude, A EW• ofTlDs of class A orB, with that 
in NmF 2 for the period of observation January-March 1982. Units are 1010 

electrons m -3.The solid lines give the fitted sum of the constant background, and the 24 h-, 
the 12 h-, and the 8 h-harmonics to the data. 
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3.4.5 Daily variations introduced by the sources of AGWs 

In section 3.4.3 we discussed the effects of filtering by tidal winds upon the spectrum of 

AGWs, and we concluded that it cannot explain the daily variations in the frequency of 

occurrence and the amplitude of TIDs for all seasons. In section 3.4.4 we concluded that 
the daily variation in the distribution of electrons can neither entirely explain those 
variations. In this section we discuss the daily variations that may be introduced by the 
variability of sources of AGWs. Tropospheric sources will not introduce a regular daily 
variation, but the solar terminator, auroral excitation, and interaction of AGWs with tides 
may be the cause of daily variations in the amplitude and occurrence of AGWs. 

Tidal winds not only act to filter AGWs, but can as well interact resonantly with 
AGWs with small amplitudes to excite secondary AGWs (Spizzichino, I-IV, 1969-1970). 

Spizzichino (I, 1969) presented observations of tidal winds made with a meteor radar at 
Garchy (47° N, 3° E). He found that, between 80-130 km, the diurnal tide is often less 
constant in phase and amplitude than the semidiurnal tide, and it loses much energy with 
increasing altitude. When the phase of the diurnal tide, or, equivalently, its period, was 
fluctuating, often gravity waves with about the same vertical wavelength (15-40 km) were 
observed. Spizzichino (IV, 1970) explained this as the generation of secondary AGWs by 
the interaction between the diurnal tide and AGWs, propagating upward from the 

mesophere. The periods of the observed secondary waves were of the order of 1.5 to a few 
hours. Unfortunately, AGWs with periods shorter than 1.5 hour could not be detected by 

the meteor radar, but there is no reason why the excitation mechanism would not work for 
such AGWs as well. It is conceivable that the conditions for interaction are favorable twice 
each day, but it would be a mere coincidence if the interaction would cause peaks in the 

amplitude and occurrence of Tills exactly around noon and midnight. 
The solar terminator, passing twice each day, will cause a semidiurnal variation in 

the frequency of occurrence and in the amplitude of the AGWs that are generated by it, with 
the maxima occurring just after sunrise and sunset. Since the maxima that we observe occur 
close to noon and midnight (except in summer), it is unlikely that the terminator is 

responsible for them. The terminator could only be held responsible, if it would excite 

AGWs lower in the atmosphere (e.g., the ozone layer), so that it would take several hours 

for the AGWs to propagate upward into the thermosphere and cause a peak in the 
frequency of occurrence and in the amplitude of TIDs precisely at noon (and close to 
midnight). That seems quite unlikely. 

On the average geomagnetic and auroral activity also exhibit a variation with time. 
This is related to the changes in the angle 'I'm between the dipole axis of the geomagnetic 
field and the solar wind (or the interplanetary magnetic field, IMF) in the course of the day. 

The geomagnetic indices an, a5, and am, which are averages over longitude, still 
show a variation with time due to this sin 2('Jim)-variation (Mayaud (1980), p.62 ff.). 

Simple theory predicts maxima in the geomagnetic indices at approximately 1 Oh30 and 
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22h30 UT. In reality the phase of the average daily variation can differ from the phase of 

the sin2 ('1fm)-variation by a few hours for some of the indices and its amplitude depends 
upon season. 

a b 
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Figure 3.13 
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The daily variations in the AU- index (a) and the /AL/-index (b) for 1968-1974. Solid 

curves were derived for samples of 10 days on either side of the equinoxes. Dashed curves 
were derived from samples including all days. The zero level of each curve correponds to 

the average value of the index. The indicated ranges are the ranges of the values included in 

the graphs (i.e. from top to bottom: all values of the index, index> 25, index> 50, index > 
75 and index > 100). These graphs were given by Mayaud (1980). 
(c) shows the daily variation in the AE-index derived by Berthelier ( 1976) averaged over all 

days of the years 1964-1969. The dotted line corresponds to the average over all days with 
positive (away) IMF polarity, the dashed line to all days with negative IMF (toward) 
polarity. 
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The geomagnetic AL-index (westward electrojet) is more sensitive to variations in 

sin2('Jim) than the AU-index (eastward electrojet). The average AL-index has maxima at 
16h30 and 4h30 UT, as expected, while the average AU-index has maxima at 13h30 

(instead of 10h30) and 22h30 (see our figures 3.13a-b; Mayaud, 1980). The resulting 
average daily variation in the AE-index shows a peak at about 10h30 for positive polarity 
(northward, away) of the interplanetary magnetic field, IMF, and at about 22h30 for 

negative polarity of the IMF (our figure 3.13c; Berthelier, 1976, figure 2c). 
Two remarks need to be made concerning the variations in the geomagnetic indices 

with universal time: 
The average daily variations can only be derived from a statistical analysis of large 
amounts of data: the daily variations are mther transient. 
The Joule heating associated with the electrojets (AE-index) is localized in parts of the 

electrojets, depending upon the distribution of ionospheric conductivity (Kamide and 

Kroehl, 1987). The propagation distance between the source and the observer causes 
different time-delays for observation of AGWs from geographically different source 

regions. This may diffuse the assumed, simple (average) picture of maxima in auroral 
excitation of TIDs at 1 Oh30 and 22h30 in the polar region for an observer at a specific 
location. 
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Figure 3.14 
The daily variation in the AE-index (in nT) for all half hour observations with TIDs of class 

A orB in the years 1980-1984 by means of boxplots. The drawn line represents a fitted 
sum of the constant background, and the 24 h-, the 12 h-, and the 8 h-harmonics to the 
data. 
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The daily variation in the AE-index for half hours with TIDs of class A or B is 
shown in figure 3.14. We have used the average of the AE-index over the three hours 
before a particular half hour with a TID, as the relevant quantity. This particular choice is 
corroborated by the observed values of 1-3 hours for the time it takes for TIDs to propagate 
from the auroral zone towards mid-latitudes (e.g. Williams et al. (1988)). Only AE-index 
data for 1980-1984 are included in this graph, because the values for the AE-index were 
not yet available for later years. This means that most of the considered data are for winter 
(table 3.1), when the daily variations in the amplitude and the frequency of occurrence of 
TIDs were largest. Variations in the median AE-index are relatively small, as would be 

expected, and can accurately be represented by a sum of a constant and harmonics of 24 h, 
12 h, and 8 h periodicity. The AE-index was usually somewhat larger in the evenings than 
in the early morning, and a distinct maximum in the median AE-index occurs at about 

13h30 (this means that the actual maximum in AE occurred 1-3 hours earlier ( -11h30)). In 
the morning hours the AE-index was generally smaller, while the TID amplitudes were not. 
The daily variations in the amplitude and the frequency of occurrence of TIDs would be 
consistent with the variation in the AE-index if almost no time was required for propagation 
to mid-latitudes of the AGWs generated near the electrojets. Since this is obviously not the 
case, we conclude that the electrojets are probably not the dominant source of the TIDs we 
observe. This is not too surprising, since the observed TIDs are of medium scale (periods 

of 10-30 minutes), for which other sources are held responsible by most investigators. 
Note that figure 3.13 and 3.14 are roughly consistent, taking into account that our sample 
of AE-index values is much smaller than that used to derive figure 3.13 (6 years of data). 

No significant correlation was found between the frequency of occurrence or the 
amplitude of TIDs and the polarity of the IMF either. A correlation would have to be found 
if excitation by the electrojets (figure 3.13c) or by processes related to incoming particles 
from the sun is important. 

We conclude from the above discussion of the variability of sources of AGWs that 

it seems unlikely that any of them is the cause of the daily variations in the amplitude and 
the frequency of occurrence of TIDs. Excitation by, or interaction with tides and excitation 
by the solar terminator can introduce a semidiurnal variation, but it is unlikely that the phase 
of such a semidiurnal variation is the same as that of the observed variation in the frequency 
of occurrence and the amplitude of TIDs. The phase of the semi diurnal variation in the AE
index almost equals the phase of the variation in the amplitude and the frequency of 
occurrence of TIDs, but taking into account the time needed for propagation of the TIDs 
towards mid-latitudes excitation by Joule heating near the electrojets also has to be rejected 

as the cause of the latter variation. 
Summarizing the arguments of sections 3.4.3-5, we conclude that a well founded 

explanation for the semidiurnal variation in the amplitude and the frequency of occurrence 
of TIDs is lacking, but we suggest that it is the result of a number of effects operating 
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simultaneously. The daytime variation is probably mainly due to the variations in the 
ionospheric response (electron density) to AGWs in the neutral background atmosphere. 
The minima around sunrise and sunset may be partially due to filtering of AGWs with 
westward and eastward phase velocities by the background wind in the thermosphere, 

since the WSRT with its east-west baseline is especially sensitive for observation of such 
AGWs. The night-time maximum may be due to the more irregular distribution of electrons 
at night (drifting irregularities, not satisfying the dispersion relation for AGWs) and may 
also partly reflect a real maximum in the amplitude of AGWs propagating upward from 
below the thermosphere. Only recently, some results on the daily variation in the amplitude 
of AGW s at lower thermospheric/mesospheric altitudes were presented by Manson and 
Meek (1989). They find (figure 3.15) that the amplitudes of AGWs with periods smaller 
than 100 minutes peak in the evening (19 h-24 h) above the mesopause (100-120 km) and 
minimize in the afternoon (12 h-16 h), both in winter and summer. The overall amplitudes 
in winter are much larger than those in summer (see also Meek et al. (1985)). To our 
knowledge no other results concerning the daily variation in the amplitude of AGWs near 

the mesopause or in the lower thermosphere (I 00-150 km) have been published. 
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The daily variation of the root mean square amplitudes of gravity waves with periods in 

between 5 and 100 minutes, as obtained by Manson and Meek (1989) with the Saskatoon 
MF radar (1985-1986). 
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3. 4. 6 Daily variation in the period of TIDs 

Figure 3.16a shows the daily variation in the period of TIDs of class A orB by means of 

boxplots. The period of TIDs is found to exhibit a dominantly diurnal (24 hourly) 

variation. Amplitudes and phases of the first few harmonics are given in figure 3.16b-c. 
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Figure 3.16 
The daily variation in the period, T, (in minutes) ofT!Ds of classes A and B. All data have 

been used. 
(a) The daily variation in the period ofTIDs analyzed by means of boxplots. The solid line 

gives the fitted sum of the constant background, and the 24 h-, the 12 h-, and the 

8 h-harmonics to the data. 
(b) Amplitudes, Ah, of the constant background, and the 24 h-, the 12 h-, and the 8 h

harmonics in the mean and the median value of the period ofTIDs. Above each bar the 

error is indicated. 

(c) Times, tmax, at which the 24 h-, the 12 h-, and the 8 h-harmonics in the mean and the 
median value of the period ofT IDs maximize (the phases of the harmonics). 
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Higher order harmonics are relatively large for the period: the multiple correlation 
coefficient R for the fit of a constant, and a 24 h-, 12 h-, and 8 h-harmonic to the mean 
values of the period was only 0.92 and l per degree of freedom was 2.0. For the fit to the 

median values of the period R was 0.97 and ·l per degree of freedom was 0.3. 
The night-time values of the period are much smaller than the daytime ones, and a 

small secondary minimum in the period occurs just after noon at about 14 hUT. 
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The daily variation in the Brunt-Viiisiilii period, T
8

, in the F rregion evaluated from tidal 
temperature data obtained by Alcayde ( 1974) from incoherent scatter radar observations at 
St. Santin (45° N, 2 ° E) for the seasons and for three values of the solar flux at 10.7 em, 

Fw.7· 

Let us first consider whether the variation of the Brunt-VaisaUi period, T g• with 
time can explain the dominantly diurnal variation in the period of TIDs. During night-time 
smaller gravity wave periods are allowed, because the Brunt-Vaisala period that limits the 
gravity wave periods from below, is smaller. According to (1.3) the Brunt-Vaisala period 

can be evaluated as: 

T :::: 2n: = 2n: r-;;;-
g O>g v~ 

(3.6) 
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The Brunt-Vaisala period is proportional to the root of the scale height H of the neutral 
atmosphere i.e. to the root of its temperature, which is smaller during night-time than 
during daytime. Figure 3.17 shows the daily variation in the Brunt-VaisaJa period T g for 
each of the seasons and for several levels of the solar activity. The curves were evaluated 
using the tidal temperature data obtained by Alcayde (1974) with the incoherent scatter 
radar at St.Santin in France at the range of altitudes 200-400 km. As a result of the tide in 
temperature, a relatively small diurnal variation occurs in the Brunt-Vaisala period, which 
reaches its maximum value at aoout 16 h. The much larger diurnal variation in the period of 
TIDs cannot be explained by it. We will argue here that it is probably caused by the effect 
of the neutral wind upon propagating AGWs. 

If the daily variation in the period of TIDs, sketched in figure 3.16a, is partly due to 

Doppler shifting or filtering of AGWs by tidal winds, different daily variations should be 
observed for different directions of the line-of-sight. In figure 3.18 the daily variations in 
the period of TIDs for observations with eastward and westward lines-of-sight are 
compared, as we did above for the amplitude. (The amounts of data with northward and 

southward lines-of-sight are much smaller and, therefore, comparison of the corresponding 
daily variations can not yield significant differences). Both daily variations are quite similar 
to that depicted in figure 3.18a for the ensemble of observations: small periods occur 
during night-time, large periods occur during daytime, and a secondary minimum in the 
period occurs at about 14 h UT. There is, however, also a striking difference: for an 
eastward line-of-sight the morning maximum (at about 9 h UT) is much larger than the 

evening maximum (at about 18 h UT), while for a westward line-of-sight just the opposite 

is true. For the ensemble of observations both maxima have about the same magnitude. The 
neutral wind at 200 km is northwestward in the morning and northeastward in the 
afternoon (figure 3.11a). In the following arguments we will use, that, for a given direction 
of the line-of-sight, the visibility of AGW s with horizontal phase velocity in the direction of 

the horizontal component of the line-of-sight from observer to source is largest, because of 
the forward tilt of the planes of constant phase of the AGWs (figure 1.5). 

First, let us assume that the spectrum of AGWs is isotropic in the rest frame of the 
fluid, the frame moving with the neutral wind. For a given direction of the line-of-sight the 
observer will mainly see waves propagating horizontally in the direction of the horizontal 
component of the line-of-sight. In the rest frame of the fluid the observer moves in the 

direction opposite to the phase velocity of the waves, and he will see the wave crests and 
troughs more closely spaced in time, i.e., he indeed observes a smaller period. Hence, the 
different relative importance of the maxima in the averages of the observed periods at 9 h 
and 18 h UT can be explained by Doppler shifting. 

Now let us consider a spectrum of AGWs propagating upward into the 
thermosphere in the rest frame of the observer, i.e., the rest frame of the earth. Waves with 
phase velocities in the direction of and smaller than the background wind will be removed 
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Figure 3.18 
Dependence of the daily variation in the period T (in minutes) ofT!Ds of classes A and B 
upon the direction of the line-of-sight. The azimuth of the line-of-sight lies in a quadrant 

around west and east respectively.The solid lines give the fitted sum of the constant 

background, and the 24 h-, 12 h-and 8 h-harmonics to the data. 

from the spectrum by critical coupling to the background flow, and part of the waves with 
phase velocities in the opposite direction will be removed from the spectrum by reflection. 
Waves with phase velocities perpendicular to the direction of the neutral wind are not 
affected by it 

Waves with large periods, in general, have smaller horizontal phase velocities than 
waves with small periods (for fixed horizontal wavelength, see also figure 1.9), and will 
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therefore more easily be filtered by critical coupling. So critical coupling will lead to a 
reduction in the average observed period of AGWs that propagate in the horizontal direction 
of the neutral wind, as depicted schematically below in figure 3.19. AGWs propagating 
away from the observer are best visible, so we expect a reduction of the average observed 
period if the observer is looking in the direction of the neutral wind. 

On the other hand, waves with small periods are more easily reflected by the neutral 

wind than waves with large periods that have the same horizontal wavelength. Reflection 
will lead to an increase of the average period of AGWs that propagate in the horizontal 
direction opposite to that of the neutral wind (figure 3.19), so we expect an increase of the 
average observed period if the observer is looking in that direction. 

We conclude that the mechanism of filtering by reflection by and critical coupling to 
the neutral wind, as well as Doppler shifting, can explain the relative importance of the 
maxima at 9 h and 18 h UT with westward and eastward lines-of-sight. Filtering also 
causes the dominant direction of the phase velocity to become more and more perpendicular 
to the neutral wind direction with increasing neutral wind magnitude. 

Spectral 
power 

Removed by 
reflection 

Period > 

Figure 3.19 

Removed 
by critical 
coupling 

Schematic representation of the effect of filtering and reflection by the neutral wind upon 

the period spectrum. 

The small night-time values of the TID period may be explained by assuming that on the 
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average the meridional component of the wave vector of TIDs is southward. Most 
observers find that during daytime the meridional component of the phase velocity is 
southward rather than northward, while during night-time the observed directions of the 
phase velocity are somewhat more dispersed (Waldock and Jones, 1986; Kalikhman, 
1980, Kelder and Spoelstra, 1987; Mercier et al., 1989; and our section 4). Following the 
arguments given above, Doppler shifting or filtering will then reduce the average period 
during night-time and increase the average period during daytime. 

The dip in the period ofTIDs at 14 hUT in figure 3.16a can perhaps be explained 
similarly. The semidiurnal tidal wind is directed southward at about 12 h, which might 
cause a secondary minimum in the period around noon under the assumption of dominantly 
southward TID propagation. 

In figure 3.20 the daily variation in the period of Tills for each of the seasons is 
shown. The graph for autumn has only been included for completeness; there are probably 
not enough data available for this season to come to reliable conclusions. The amount of 
data available for summer during daytime is also quite small, so the enormous dip around 
noon in summer may be an artefact. The daily variation was somewhat more pronounced in 
winter than in spring, which is consistent with our interpretation of the daily variation as 
due to the effect of the neutral wind (filtering or Doppler shifting) upon a spectrum of 
AGWs propagating southward on the average. The amplitude of the diurnal tide in the 
meridional wind is largest in winter and smallest in summer, while the phases of the tidal 
components do not change much from season to season (Amayenc, 1974). The average 
TID period was larger for the summer than for the other seasons. That cannot be explained 
by the action of the neutral wind, since the prevailing direction of the meridional neutral 
wind in the thermosphere is northward in the winter and southward in the other seasons 
(Amayenc, 1974). In section 3.6 this will be discussed more extensively. 

It may be concluded, that the action of the neutral wind can explain a number of 
observed features of the daily variation in the period of TIDs. From our data, it cannot be 

decided whether this action consists of Doppler shifting or filtering. 

To our knowledge only few investigators have previously studied the climatology 
of the period of Tills. Titheridge ( 1968) found that the dominant Tills had smaller periods 
at 42° S than at 34° S, and that they had smaller periods in winter than in summer, 
consistent with our results. Waldock and Jones ( 1986) found larger values for the period of 
Tills during the evening and the night than during the day, but this is probably related to 
the fact that they were observing higher in the thermosphere during night-time, as they 
stated. Short period waves are more strongly dissipated than large period waves as they are 

propagating upward in the thermosphere. 
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Figure 3.20 
The daily variation in the period, T, (in minutes) ofTIDs of classes A and B for each of the 
seasons. Note that the amounts of data for autumn and summer daytime are rather small, so 

one should be careful in drawing conclusions from the graphs for these times. The solid 
lines give the fitted sum of the constant background, and the 24 h-, the 12 h-, and the 
8 h-harmonics to the data. 
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3. 5 Interannual and solar cycle variations 

Before discussing the seasonal variations in TID related quantities, we will discuss in this 
section the variations from year to year, because considerable biases may be introduced by 
combining data from different years to obtain a picture of the seasonal variation. This is due 
to the uneven spread of our observations over the years and months (table 3.1). 

Figure 3.21 shows the frequency of occurrence and the amplitude of TIDs for each 
of the months with available data, ordered chronologically. In general, the frequency of 
occurrence of Tills is large in the winter months January and February, and usually it is 

small in the summer months July and August. The amplitudes are usually large in 
December, January and February, and small in the summer months July and August. In 
March the amplitudes are large for some years (1982,1984, 1986) and relatively small for 
other years (1983, 1985). The bulk of the data for May are from 1980, and these data 
showed a large frequency of occurrence and large amplitudes ofTIDs. 

The amplitudes and frequencies of occurrence of TIDs were largest in the years 
1982-1984, near the maximum in the solar cycle ( 1980-1981 ), and considerably smaller in 
the years 1985-1987, when the solar activity was low. The differences between different 
years, however, seldom amount to more than 50% as far as the amplitude is concerned, 
and for the frequency of occurrence to even less. The maximum in TID activity seems 
retarded by at least about one or two years with respect to the maximum of the solar cycle. 
Such a retardation is not uncommon. It is, for example, known well that the geomagnetic 
activity shows a similar delay. Some solar phenomena, like, e.g., occurrence of flares, do 
not exactly follow the variation in the sunspot number in the course of the solar cycle. 

Since figure 3.21 suggests a relationship between solar activity and TIDs, we have 
also looked for variations in the amplitude and the frequency of occurrence of TIDs in the 
course of solar rotation by superposing at most three solar rotation intervals with a time 
step of 27 days. For such a sample, variations in the course of solar rotation were then 

studied. With the present database, a sufficient amount of data could only be included in 
such a sample for the epochs January-March 1982, January-March 1983, December 
1983-February 1984 and November 1987-January 1988. No consistent variation with the 
sequential number of the day in the solar rotation interval was found. This may be due to 

the large differences in the solar activity which can exist between two subsequent solar 
rotations, especially near the maximum of a solar cycle, but the relationship between TIDs 
and the solar activity may also be more indirect. 

The number of thermospheric electrons, which are the tracers for AGWs in the 
neutral atmosphere, is subject to solar cycle variations. It is quite likely that changes of 

several tens of percents in the response of the electron density to AGWs occur in the course 
of the solar cycle. According to Ching and Chiu (1973) and Smith and King (1981) the 
variation in the value of the critical frequency of the FT layer, f0 F2, at noon in winter may 
amount to 7 Mhz (- 50%) in the course of the solar cycle for a typical mid-latitude station 
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Figure 3.21 
(a) Frequency of occurrence; (b) amplitude, AEW, (in 1010 electrons m"3

); and (c) period, T, 

(in minutes) ofTIDsfor all months in the database (table 3.l)for which afair amount of 

data was available. The months are ordered chronologically. Note that large gaps in time 

may exist between respective months. 
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Figure 3.21 continued 

like Slough (52° N, 1 oW). In other seasons and in the lower F1-, and E-layer, the solar 

cycle variations are smaller. Part of the solar cycle variation in f0 F2 (- 1 MHz) cannot be 

attributed to variations that are in phase with the sunpot number variation, but is probably 
related to the variation of solar faculae, which is, roughly, about 2 years out of phase with 

the sunspot number cycle. In section 3.4.4 we saw that the daily variation in the amplitude 

of TIDs is not as large as that in N mF2. Solar cycle variations, of the magnitude found by 

us, can certainly be expected. Our results do not necessarily imply solar cycle variations of 

the amplitude and the frequency of occurrence of the corresponding AGWs in the neutral 

medium. Better understanding should be achieved when the modelling of the ionospheric 

response to AGWs is improved and/or when the AGWs in the neutral medium are observed 

directly. 

129 



When the solar activity is high over a long period of time, the upper atmospheric 
circulation intensifies and the thennospheric temperature rises. It is possible that this results 
in an enhanced excitation of TIDs by unstable wind shears, temperature gradients, breaking 
of tides, or other processes. On the other hand, strong upper atmospheric circulation will 
prevent upward propagation of AGWs by filtering by the wind. A relationship between 
solar activity and aurorally excited Tills is also likely, but as we discussed in the previous 
section, it is improbable that the medium scale TIDs we observe with the WSRT are of 
auroral origin. 

In figure 3.2lc boxplots of the period of TIDs are shown for the different months. 
The variations from month to month are large. On account of the strong solar flux 
dependence of the Brunt-Vaislila period sketched in figure 3.17, we would expect TID 
periods around 1980 to be considerably larger than in the years 1984-1987, which does not 
seem to be the case. An explanation may be that the AGWs are generated lower in the 
atmosphere, where the Brunt-Vaisala period varies less with solar activity. 

To our knowledge, solar cycle variations in TID related quantities have not been 
studied by others before. 

3. 6 Seasonal variations 

The differences in the daily variation in the frequency of occurrence, the amplitude and the 
period of TIDs from one season to another were already discussed in section 3.4. In this 
section we will look at the variations in these quantities on a monthly basis and compare 
them with variations reported by others. The results reported here are preliminary in the 
sense that data for the different months were often obtained in years with different solar 
activity. The picture sketched in this section may require improvement after further 
extension of the database of observations. Figure 3.22 shows the variation in the frequency 
of occurrence, the amplitude and the period of TIDs from month to month. Note that the 
amount of data varies strongly from month to month. 

A pronounced minimum in both the frequency of occurrence and the amplitude of 
TIDs occurs in July-August, and a secondary minimum seems to occur in April. A 

maximum in the frequency of occurrence takes place in January. In the months January
March the amplitudes of Tills are large. In May-June another maximum in the frequency of 
occurrence and the amplitude seems to occur. It should be kept in mind that the large 
values of the amplitude and the frequency of occurrence in May stem almost solely from 
data obtained in 1980 (figure 3.21, so the May maximum, and thereby the April minimum, 
may be artefacts, that disappear when more data are taken into account. Whether maxima or 
minima occur in the second half of the year (August-December) cannot be judged on 
account of the small amount of data available for some of these months. Anyway, the 
graphs suggest that annual variations and perhaps also semiannual varations are present 
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Figure 3.22 
The variation in the frequency of occurrence (a); the amplitude, AEw, (in 10

10 
electrons 

m-3) (b); and the period, T, (in minutes) (c) ofT!Dsfrom month to month. All data were 

used in producing the graphs. In (b) and (c) only TIDs of class A and B were used. For 

October no data were available, and for September the amount of data was also rather small 

(table 3.1). 
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Our results are more or less consistent with those of Munro ( 1958, figure 1 ), who 
found a semiannual variation in the occurrence of TIDs for the southern hemisphere, with 
maxima in winter (June-July) and summer (December), and minima at the equinoxes 
(April, September). Waldock and Jones (1986, figure 4), whose observations in the U.K. 
were geographically close to ours, found a semiannual variation in the occurrence and the 
amplitude of TIDs with a pronounced maximum in December-January and a very weak 
secondary maximum in June-July. 

It can be concluded that the amplitude and the frequency of occurrence ofTIDs vary 
in the course of the year, showing a strong and broad maximum in the winter. A smaller 
secondary maximum may occur in the summer, but this has not been demonstrated 
convincingly by all investigators at all locations. 

Monthly variations in the amplitude of AGWs in the middle atmosphere have been 
reported by Hirota (1984), Vincent and Fritts (1987), and Meek et al. (1985). 

For the altitude range 20-70 km, Hirota (see his figure 5) finds an annual variation 
with a maximum in December for high latitude stations (50°-90°) in the northern 
hemisphere, and a semiannual variation with maxima in February-March and August
September for low latitude stations (10°-40°). 

Vincent and Fritts (1987) investigated the seasonal variations for mesospheric 
(60-98 km) AGWs with periods of 1-8 hours above Adelaide, Australia (35° S) and report 
a semiannual variation with a strong maximum in July-August and another weaker 
maximum in January-February. These maxima occur about a month after the maxima in the 
mesospheric daily zonal wind. A maximum in the amplitude of mesospheric gravity waves 
is expected at the ronal wind maximum, because wave breaking is enhanced (at a critical 
level the amplitude of AGWs approaches infinity). They actually find that the increase of 
the amplitude of AGWs with height is smaller for the zonal wind amplitudes than for the 
meridional wind amplitudes, and that the increase is smaller in summer and winter than in 
spring and autumn. The increase with height is smallest in the (southern hemisphere) 
summer for the zonal wind amplitudes. 

The time delay Vincent and Fritts (1987) found between the maximum in the daily 
mean zonal wind and the maximum in AGW amplitude can be explained by considering the 
level at which breaking takes place. Actually, there was not just one maximum in their 
results for the daily mean zonal wind in wintertime, but there were two of them: one at 
about 65 km in June and another one at about 75 km in August. It can be anticipated that 
the maximum in AGW zonal wind amplitudes occurs in August, since AGWs have been 
allowed to grow more before reaching the critical level where they break. For the summer 
(December) solstice, it is more difficult to explain the time delay, but in that case the zonal 
wind maximum was broader and more uniform (see their figure la). 

It is tempting to assume that at altitudes above the mesosphere, where the AGWs 
that have encountered a critical level in the mesosphere have been filtered, the variation in 
the amplitude of AGW s is opposite to that at mesospheric levels. This contradicts our 
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findings for winter. It should, however, be kept in mind that the results of Vincent and 
Fritts refer to AGWs with periods of 1-8 hours, which would be responsible for the 
occurrence of large scale Tills, if they could propagate upward into the thermosphere. 
AGWs with shorter periods will not necessarily exhibit similar amplitude variations at 
mesospheric levels, since the basic physical processes of filtering depend upon their period 
(section 3.4.3). 

For AGWs with periods in between 10 minutes and 1 hour, results were presented 
by Meek et al. (1985) and Manson and Meek (1988). For Saskatoon (52° N, 107° W), 
located at approximately the same geographical latitude as the WSRT, they find a variation 
in the amplitude of AGW s below 90 km, that is in agreement with the results of Vincent 

and Fritts. In the top part (100-110 km) of their altitude range they obtain a dominantly 
annual variation in the mean square zonal wind component, with a peak in December
January and a minimum in June-July (Meek et al. (1985); figure 10). This indicates that the 
reasoning given above, stating that a semiannual variation in the amplitude of mesopheric 
AGWs due to zonal wind filtering will act as the cause of an opposite semiannual variation 
above the critical levels, is indeed too simple. The results of Meek eta/. do agree with our 
findings for the thermosphere, but it must be noted, that not enough is known about the 
interaction of AGWs and the background winds in the region between 100 and 200 km, to 
enable one to draw definite conclusions from the comparison. 

Seasonal changes in molecular viscosity, heat conduction, or ion drag can also 
affect the propagation characteristics of AGWs in the lower thermosphere. Besides, part of 
the AGWs can generate secondary waves propagating upward, as breaking tides can. 
Simultaneous observations of TIDs and lower thermosphere I mesopause winds and 
temperatures would be extremely useful to investigate the relationship between TIDs, on 
one hand, and AGWs and tides lower in the atmosphere, on the other. 

Figure 3.22c shows the variation in the period of Tills from month to month. A 
minimum in the period of Tills occurs in January, and a secondary minimum seems to 
occur in July. In the months April-May there is a maximum in the median value of the 
period of TIDs. In section 3.3 we explained that filtering or Doppler shifting by tides in the 
neutral wind modifies the average period of TIDs. 

Thermospheric tidal winds are largest in winter and smallest in summer 
(Amayenc, 1974), so filtering will alter the period of Tills most in winter and least in 
summer. Doppler shifting by tidal winds does not alter the average of the period over a 
day, if Tills are evenly distributed over the hours with neutral wind parallel and anti
parallel to the phase velocity. 

The prevailing neutral wind in the thermosphere, maximally about 30 m/s, is much 
smaller than the tidal wind (50-100 m/s). It is directed northward in winter and southward 
in the other seasons (Amayenc, 1974). Let us assume again that on the average Tills 
propagate southward. The effect of critical coupling, which is strongest around midnight 
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and leads to a small average period, will be reduced by the prevailing wind in winter and 
will be enhanced by it in summer. The effect of reflection by the tidal wind, which is 
strongest around noon and leads to a large average period, will be reduced by the prevailing 
wind in summer and will be enhanced by it in winter. Together this would lead us to expect 
a larger mean value for the period in winter than in summer, contrary to what is actually 
observed. 

According to figure 3.19 the Brunt-VaisaHi period is somewhat smaller in winter 
and autumn than in spring and especially in summer. The differences between the seasons 
are of the order of a minute, not enough to explain the seasonal variation in the period of 
TIDs (figure 3.22c). The changes in the Brunt-Vaisala period with changing solar flux are 

more important. In section 3.5 we saw that the solar flux dependence in observed TID 
period seems to be small, however. This is also demonstrated by remarking that the largest 
contribution to the data for April stems from 1986 and 1985, years with lower solar activity 
than 1982-1983, when the bulk of the data for January-February was obtained. 

We conclude that our data suggest that the period of TIDs strongly varies with 
season. A satisfactory explanation for the variation is lacking. In view of the large spread in 
the monthly median period (figure 3.22c), one should still be careful to draw conclusions 
about the seasonal variation in the period. If the database is extended further in the future, 

and a better spread over seasons and the solar cycle is realized, it may become possible to 
average out the transiency of thermospheric AGWs and tidal winds. 

3. 7 Variations with geomagnetic activity 

In section 3.4.5 we showed that the daily variations in the AE-index differ considerably 
from those in the amplitude or the frequency of occurrence of TIDs. In fact scatterplots that 

were made of the amplitude and the occurrence of TIDs versus any of the geomagnetic 
indices AE, lin (northern hemisphere), or aw (Witteveen) failed to show any relationship. In 
all cases the cross correlation coefficients were less than 0.2 and not significant. 

3.8 Conclusions 

The database of WSRT observations of medium scale TIDs has now been extended with 

data from 1980 up to 1988. Analysis performed upon the extended dataset has led to the 
following results: 

The previously (Kelder and Spoelstra, 1984; Spoelstra and Kelder, 1984) found daily 
variation in the amplitude of TIDs (January-March 1982, 1983) has been found to 
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occur also in other years. It does not occur in summer, however, and it is less 

pronounced in spring and autumn than in winter. 
It is difficult to indicate a single explanation for this daily variation. The 

daytime variation with its maximum around local noon probably has to be explained as 
due to the variation in the amount of tracers (electrons). The observed secondary night
time maximum is more difficult to explain, but it may be due to the irregular night-time 
distribution of the electron density or to an actual night-time maximum in the amplitude 
of AGWs at thermospheric heights. The daily variation in the amplitude and frequency 
of occurrence of the TIDs suggests that the solar terminator and Joule heating near the 
electrojets do not contribute substantially to their generation. 
The average period of the TIDs reached a maximum during daytime, a minimum during 
night-time, and was found to depend upon the direction of the line-of-sight. These 
effects can be explained by the changes in the mean period of AGWs that are caused 
by filtering or Doppler shifting by the neutral wind. 
There is a variation with season in the frequency of occurrence and the amplitude of 
TIDs. A broad maximum occurs in between December and March, and a minimum 
occurs around July-August. Due to the uneven spread of the available data over the 
years a possible superimposed semiannual variation could not unambiguously be 
demonstrated or rejected. Such a semiannual variation is expected to be smaller than the 
annual one. For the period of TIDs a weak seasonal dependence may exist, with a 
minimum occurring in winter. 
None of the observed TID related quantities showed significant correlation with any of 
geomagnetic activity indices considered here (AE-index, a-indices). 
There appears to be a relationship between the amplitude or the frequency of 
occurrence of TIDs and the solar cycle. The largest amplitudes and frequencies of 
occurrence were found between 1981 and the beginning of 1984, somewhat retarded 
with respect to the solar cycle maximum of 1980-1981. This is probably related to the 
dependence of the ionospheric response to AGWs upon the ionospheric electron 
density, whose variation in the course of the solar cycle also contains a component 
with a delay of about 2 years. 
The thermospheric Brunt-VaisaHi period has a solar cycle variation due to its 
dependence upon thermospheric temperature. No corresponding variation of the period 
of TIDs was observed. 

Our study has shown the need for coordinated observations of TIDs and winds and tides in 
the lower thermosphere/mesosphere, with the purpose of investigating further the effects of 
filtering, Doppler shifting, and secondary wave generation upon the AGW-spectrum that 
propagates upward to thermospheric heights. 
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CHAPTER 4 

A CAMPAIGN OF DIFFERENTIAL DOPPLER SHIFT 
OBSERVATIONS 

4.1 Description of the experiment 

From 10 to 30 November 1987, in a joint Dutch-French campaign, measurements of 

medium scale TIDs were done to compare the direction of propagation as observed by two

dimensional radio interferometry and the differential Doppler technique. As a byproduct the 

total electron content (TEC) was determined as a function of latitude by the differential 

Doppler technique, which was applied to satellites of the Navy Navigation Satellite System 

(NNSS). 

The locations of the receivers stations were Tours (47° N, 1° E), Nanr,:ay (47° N, 

2° E) and Besanr,:on (47° N, 6° E) in France. These stations are located at approximately the 
same latitude, and at longitudinal distances of 109 km (Tours-Nan9ay) and 285 km 

(Nan~ay-Besanr,:on). Since the mean altitude of the ionosphere is about 350 km and the 

altitude of the NNSS-satellites about 1100 km, these distances correspond to distances of 

about 75 km and 195 km between the points of intersection of the ionosphere with the line

of-sight from the stations towards the satellite. During an NNSS-satellite pass the points of 

intersection of the lines-of-sight from the stations to the satellite with the ionosphere move 

almost north-south or south-north with characteristic velocities of about 2000-3000 m/s. 

Hence, three almost parallel, latitudinal profiles of total electron content, which may exhibit 

TIDs, are observed by this technique. 

The distances between the stations were chosen such that they would be small 

enough to yield good coherence of the wave patterns observed along the three traces and 

large enough to yield appreciable phase lags between them, thus allowing for accurate 

determination of the wave azimuth. Once this azimuth is known, the horizontal wavelength 

of the TIDs can also be determined. Furthermore, the differential Doppler technique allows 

us to evaluate the relative magnitude of the perturbation in the TEC caused by the TIDs. 

In section 4.2 the obtained TEC values wiH be discussed. Section 4.3 concentrates 

on the night-time stationary structures that were observed in TEC, and that, we believe, are 

due to downward transport of plasma from the protonosphere at the equatorward boundary 

of the mid-latitude trough. Section 4.4 is an adaptation of a paper (Van Velthoven et al., 

1990) on the comparison of the TIDs that were simultaneously observed by the differential 

Doppler technique and radio interferometry during the campaign. In section 4.5 the 
observed irregularity spectra will be discussed. In section 4.6 the results will be 

summarized. 
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4. 2 Total electron content 

During the campaign 109 satellite passes were recorded at at least two of the stations. Most 
of them were morning passes, since our main object was comparison with simultaneous 
observations made with the Nanvay Radioheliograph, that each day observed the cosmic 
source Virgo A for about 6.5 hours, centered around the transit of Virgo A through the 
local meridian at about 9 h UT. In order to check our TEC evaluation scheme and to 

monitor the overall ionospheric behaviour during the campaign, also a number of 
afternoon, evening, and night-time satellite passes were recorded during the campaign. 

The vertical TEC profile for the passes was initially evaluated using the two 
schemes discussed in section 2.3.4 (equations (2.3.29) and (2.3.31)). For convenience we 
repeat them here: 

scheme 1 (4.2.1) 

scheme 2 (4.2.2) 

Here Ll<jli are the measured differential Doppler shifts at instants j, Ll<jl0 is an unknown 
additive constant and the V Jnl are unknown coefficients in the expansion of the vertical 
TEC with respect to latitude ~j· Note that latitudes refer to ionospheric heights: ~i is the 
latitude of the point of intersection of the ionosphere and the line-of-sight, and parametrizes 
the trace of the satellite through the ionosphere. ~0 is the latitude of the observer. zj is the 
zenith angle of the line-of-sight towards the satellite in the ionosphere. For a satellite 

passing overhead, the factor 1/cos(Zj) varies maximally from 1 (Z J=0°) to about 3 (Zr 71 °). 
The difference between the schemes lies in the particular choice of the errors, Ei, whose 
quadratic sum is minimized in a least squares procedure. At first, the average ionosphere 
height was chosen 350 km, and the series (4.2.1-2) were truncated after n=1, i.e., the 
polynomial describing the latitudinal dependence ofTEC was linear (N=l). 

The results are presented in figures 4.1-2. In figure 4.1 the values obtained for the 
vertical TEC at 47° N for the stations are compared. 47° N differs from the latitudes of the 
stations by less than 0.4°, so the calculated values of TEC are about equal to the values of 
TEC at the points of closest approach (PCA) of the satellite. The dashed lines indicate 10% 

deviations in the values obtained at two stations. Values for two stations differ less than 
10% in most cases, although there are some points for which the difference is considerably 
larger. Such large differences cannot be explained as being due to longitudinal gradients in 
the TEC, since except in time intervals of 1 or 2 hours around sunset and sunrise, such 
large longitudinal gradients in TEC do not occur. The deviating points in figures 4.1-2 do 
not refer systematically to the same universal time. Neither can an explanation be provided 
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by the approximation of the ionosphere by a spherical shell of vanishing thickness, since 

(section 2.3.5) errors due to this approximation were estimated to amount to no more than 

about 10%. 
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Figure 4.1 
Comparison of the total electron content (TEC) values at 4JO N, found from differential 
Doppler shift observations at Tours and Besan~on, with those found from observations at 

Nan~ay. A mean ionosphere height of 350 km was assumed. Evaluation scheme 1 (eq. 
4.2.1) was used with N=1 (linear latitudinal dependence). Crosses indicate Tours versus 
Nan~ay values and squares Besan~on versus Nan~ay values. The solid line indicates equal 
values and the dashed lines a deviation of 10 % between the values obtained at two 
stations. The TEC is in units of 1015 electrons m-2

• 

Figure 4.2 is the same as figure 4.1 except that the values are compared for a 

latitude of 57° N. This latitude is an arbitrary latitude close to the northern horizon for the 

technique. The differences have the same relative magnitude as at a latitude of 47° N. Close 
to the southern horizon for this technique, the differences between the TEC values obtained 

at the three stations were also similar to those at 47° N. The errors in the evaluated TECs 
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can have the following causes: 

the way in which the errors are chosen in the evaluation scheme may introduce errors in 

the TEC coefficients evaluated by a least squares method. 
- the value for the mean ionosphere height used in the evaluation scheme may differ from 

the actual value. 
- the order of the polynomial that describes the latitudinal behaviour of TEC, may not 

have been chosen optimally. 
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Figure 4.2 
Comparison ofTEC values at 57° N,foundfrom differential Doppler shift observations at 

Tours and Besanr;;on, with those found from observations at Nam;;ay. A mean ionosphere 
height of 350 km was assumed. Evaluation scheme 1 (eq. 4.2.1)was used with N=1 
(linear latitudinal dependence). Crosses indicate Tours versus Nam;ay values and squares 

Besam;;on versus Nan~:ay values. The solid line indicates equal values and the dashed lines 

a deviation of 10% between the values obtained at two stations. The TEC is in units of 1015 

electrons m -2
• 
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We will now investigate each of these possible causes. Figure 4.3 shows that the 
difference between TEC-values obtained with the help of evaluation scheme 1 and scheme 
2 are negligible. We conclude that the obtained results for the TEC are relatively insensitive 

to the way the errors are chosen in an evaluation scheme. 
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Figure 4.3 
Comparison ofTEC values at 4JO N evaluated using scheme 1 resp. 2 (eqs. 4.2.1-2). A 
mean ionosphere height of 350 km was assumed. The evaluation schemes were used with 
N=l (linear latitudinal dependence). Crosses indicate the TEC from differential Doppler 
shift observations at Tours, squares that from observations at Nam;ay, and triangles that 
from observations at Besant;;on. The solid line indicates equal values and the dashed lines a 
deviation of 10% between the two values. The TEC is in units of 1015 electrons m-2

• 

Figure 4.4 shows that the differences, introduced by changing the assumed mean 

ionosphere height from 350 to 400 km, amount to less than 10 % in most cases. The 
obtained results for the TEC are thus quite insensitive to changes of the mean ionosphere 
height. 

When we compare results, obtained by representing the latitudinal behaviour by a 
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polynomial of first resp. third order, large differences are found (figure 4.5). This shows 

that the particular choice of functions fitted to the data is the main cause of the errors in the 

evaluated TECs. As we will argue now, the problem can not be resolvedby choosing a 

polynomial of higher order. 

250 

200 

i 150 

,....-._ 
100 s 

..!:o:: 
0 
0 

""'" 50 '-" 

u 
r.il 
~ 0 

" 

0 50 100 

" 
" " " 

L 

150 

TEC (350 km) ,_ 

Figure 4.4 

/ 
" ,".a 

, .. 
" " "' . 

200 

, . 
.oc 6 

250 

Comparison ofTEC values at 47° N, evaluated with an assumed mean ionosphere height 
of 350 km resp. 400 km. Evaluation scheme 1 (eq. 4.2.1) was used with N=1 (linear 
latitudinal dependence). Crosses indicate the TEC from differential Doppler shift 
observations at Tours, squares that from observations at Nan~ay, and triangles that from 
observations at Besan(;on. The solid line indicates equal values and the dashed lines a 
deviation of 10% between the two values. The TEC is in units of 1d5 electrons m-2

. 

Let us again examine the TEC evaluation schemes (4.2.1-2). It is clear that 

determination of both the phase constant 8$0 and an arbitrary latitudinal TEC profile, 

which can be represented by an infinite power series in the latitude, is impossible, because 

the cosine can also be represented by a power series in the latitude. The functions used in 
the least squares fit are collinear. Accurate values of TEC can still be obtained if the 
coefficients vJnl tend to zero sufficiently fast with increasing n. In the mid-latitude 
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domain, characterized by a srrong decrease in the total elecrron content, from its large value 
in the equatorial region to its small value at high latitudes, this is not the case. Moreover, 
the presence of TIDs, which are considered to be noise in the TEC evaluation procedure, 
still deteriorates the results. 
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Figure 4.5 
Comparison ofTEC values at 47° N, evaluated with scheme 1 ( eq. 4.2 .1) with N=1 (linear 

latitudinal dependence), resp. N=3 (third order polynomial in latitude). The assumed mean 
ionosphere height was 350 km. Crosses indicate the TEC from differential Doppler shift 

observations at Tours, squares that from observations at Nanr;ay, and triangles that from 

observations at Besam;on. The solid line indicates equal values and the dashed lines a 
deviation of 10% between the two values. The TEC is in units of 1d5 electrons m-2

• 

Leitinger et al. (1978) suggested that restricting oneself to passes with maximum 
elevations larger than 30° would improve the accuracy of the evaluated TECs. Figure 4.6 
shows that the improvement is marginaL Apart from the cosine factor in (2.4.1-2), the 
effects of collinearity depend upon the actual values of the coefficients of higher order 
terms in the latitudinal expansion. 
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Figure 4.6 
TEC differences at 47° N found from differential Doppler shift observations at two stations 
as a function of the maximum elevation of the line-of-sight. Evaluation scheme 1 (eq. 
4.2.1) with N=1 (linear latitudinal dependence) was used, and the assumed mean 
ionosphere height was 350 km. Crosses indicate the differences between Nan9ay and 
Tours TEC values, squares those between Nanr;ay and Besan9on TEC values, and triangles 

those between Tours and Besan9on TEC values. The TEC is in units of 1015 electrons m-2• 

The collinearity can only be removed by combining observations from stations 
located at approximately the same longitude and at latitudinal distances of 5° to 15°. 
Leitinger et al. (1978) have developed evaluation schemes for such two station 
configurations. Unfonunately, we did not have such a configuration during our campaign. 
Our stations were at almost the same latitude, but at different longitudes. If two stations 
have the same latitude the cosine factor in (4.2.1-2) causing the collinearity will vary in 
almost the same way with latitude for each station, so the collinearity cannot be removed by 

combining data from the two stations. 
The collinearity, which introduces errors of the order of 10 %, made it also 

impossible to test the suggested, improved evaluation scheme 3 (2.3.57). 

146 



Our finding is of importance for the application of tomography to NNSS-satellite 
signal recordings. In tomography one tries to resolve the three-dimensional distribution of 
the electron density from data obtained at a network of many ground based stations. From 

the above it follows that such a network should include stations located at a wide range of 
latitudes. Preferably, the network should include groups of stations at approximately the 
same longitude, but at latitudinal distances of at least 5°-15°. Evaluation schemes like 
(2.3.57), which resolve the behaviour of the electron density with height, can then be 
tested. 
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TEC values at4JO N as a function of universal time. Evaluation scheme 1 (eq. 4.2.1) with 

N=1 (linear latitudinal dependence) was used, and the assumed mean ionosphere height 

was 350 km. Crosses indicate the TEC from differential Doppler shift observations at 
Tours, squares that from observations at Nanflay, and triangles that from observations at 
Besanf;on. The TECs are in units of 1015 electrons m -2 .The lines give the median N mF 2 

values for November 1987 at two stations close to 4JO N: Lannion (solid line) at 48° N, 
3°W andPoitiers (dashed line) at47°N, 0° E. The NJ2 are in units of 1010 electrons m-3 

147 



Figure 4.7 shows the daily variation of TEC values, calculated with evaluation 

scheme 1 and with a linear latitudinal dependence (N=1). The daily variation is quite 

regular, which suggests that these TEC values approximate the true value well, in spite of 
the above discussed errors introduced by collinearity. In the following we will use only 

TEC-values that are calculated with scheme 1 and N=1, and that differ less than 25% from 
the corresponding TEC-value calculated with scheme 1 and N=3. 

In figure 4.7 TECs are also compared with the median values of NmFz at Lannion 

and Poitiers for November 1987. These median values corresponded well with the values 

of N mFz on individual days. The average universal time variations of TEC and NmF2 are 
found to be similar. Slab thickness is defined as the ratio between TEC and NmF2• It is 

found to be about 200 km at noon and somewhat smaller during the night. Such values for 

the slab thickness are quite common. 
The errors in the TEC-values introduced by collinearity will not hamper the analysis 

of wave patterns in TEC discussed in section 4.4. This is because the result of cross 
correlation of the wave patterns will hardly be changed by multiplication of the wave 

patterns by a slowly varying function oflatitude. Collinearity will only cause errors in the 

amplitude of the waves relative to the background TEC. 

4.3 Night-time stationary structures 

In this section we will discuss the almost east-west aligned ridges in the total electron 

content that we have observed during a number of nights at latitudes between 45° and 
50° N. We will first review what is presently known about the latitudinal variation of the 

night-time electron density (the mid-latitude trough) and the maintenance of the ionospheric 

F-layer at night. The observed ridges will then be discussed in terms of the processes that 
play a role in the night-time mid-latitude ionosphere. 

The night-time total electron content often exhibits a marked minimum between 

55°-65° N, which is called the mid-latitude (main) trough. The occurrence of this trough is 
accompanied by a depletion of the most abundant ion in the F-region, o+, and an increase 

of the electron temperature, T e· A review of the current status of observations and models 
of the main trough has been given by Moffett and Quegan (1983). 

An example of an observation of the trough by topside sounding from the satellite 

ISIS 2 is shown in figure 4.8 (Mendillo and Chacko, 1977). At the poleward side the 
trough is bounded by a steep (about 1. 05 wide) wall in electron density caused by ionization 
by precipitating particles near the auroral ovaL The foot of the poleward wall lies 
approximately 2. 0 5 equatorward of the statistical position of the band of diffuse aurora. At 

the equatorward side the electron content usually changes much more gradually: the 

equatorward wall has a typical size of about 5° latitude. The pattern of electron density 
values also shifts with altitude. This makes it difficult to define the trough centre and the 
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equatorward wall uniquely. 
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The electron density and the virtual height of its maximum as a function of latitude, as 

determined by topside sounding from the ISIS 2 satellite on I8 December I971 at 6h28 
UT. Characteristic points are indicated by numbers: ( 1) the mid-latitude gradient, (2) the 

equatorward trough gradient (boundary), (3) the trough minimum, (4) the poleward wall, 

(5) the auroral peak, (6) the auroral peak decline, and (7) the polar gradient. This graph 

was reproduced from Mendillo and Chacko ( 1977). 
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The location, the size, and the "depth" of the trough depend upon local time, 

geomagnetic activity, and season. With increasing geomagnetic activity (kp) both the 
equatorward boundary and the minimum move equatorward and the trough becomes more 

pronounced. It has been observed that the trough moves equatorward during the night 
(Kohnlein and Raitt, 1977; Putz et al., 1986). Some evidence for a poleward motion in the 
early morning hours also exists. There is not much certainty about the width and depth of 
the trough minimum. The trough is most prominently present in winter and around the 
equinoxes. In summer only few troughs are observed. Statistical studies of the positions of 
characteristic points in the trough profile were undertaken by Mendillo and Chacko (1977), 
Kohnlein and Raitt (1977), and Putz et al. (1986). It is often difficult to define 
characteristic points uniquely, which is especially true for the equatorward boundary of the 
trough. Figure 4.8 shows the characteristic points that were distinguished by Mendillo and 
Chacko. Kohnlein and Raitt summarized their results for the location of the trough 

minimum in the following formula: 

A . 65::'2 - 2?1 k - 0?5 t ± 2° mm p 
(4.3.1) 

Here t is the time in h from midnight and A is the invariant latitude, which roughly equals 
geomagnetic latitude (Hargreaves, 1979, p.l50). The formula (4.3.1) is valid from about 5 
hours before until about 5 hours after midnight for the equinoxes and winter. 

A is related to the geomagnetic L-coordinate by 

2 1 
cos (A)=

L 
(4.3.2) 

L is the greatest radial distance of the geomagnetic field line, reached over the geomagnetic 
equator, expressed in units of the radius of the earth for a dipole shaped geomagnetic field. 
(A is the geomagnetic latitude of the field line at a distance of one earth radius.) It follows 
that the trough minimum is located at L=3.5 to 4. The trough extends itself from L=3 up to 
L=10. 

A relationship between the trough and the position of the plasmapause has been 
investigated by various authors (see Rycroft (1975) for references). The equatorial 
plasmapause is the boundary in the equatorial plane where a drop of several orders of 
magnitude in the plasma density occurs. At quiet geomagnetic conditions it is located in 

between L"'3.7-4. When geomagnetic storms occur the equatorial plasmapause retreats to 
lower L-shells. The equatorial plasmapause may be considered as the boundary between 
the open and the closed magnetic field lines. Rycroft (1975) also defined an ionospheric or 
convection plasmapause as the boundary (at ionospheric heights) between plasma that takes 
part in convection over the pole and that which does not. Usually the equatorial and the 
convection plasmapauses will not be L-shell aligned, but at the end of a long period of low 
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geomagnetic activity they will be. Grebowski et al. (1974) showed that the trough position 
tends to follow the convection plasmapause, rather than the equatorial plasmapause, in the 
recovery period after geomagnetic storms. The latter lies at lower L-shell values. 

Several processes contributing to the development of the trough have been 
proposed: 
(1) Knudsen (1974) suggested the mid-latitude trough is due to the slow convection of 

plasma tubes in the nightside polar region. In that case the trough is thought to be 
caused simply by recombination. The equatorward wall of ionization still remains to be 
explained in this theory. Quegan et al. (1982) have constructed a more sophisticated 
model of the high latitude ionosphere and plasmasphere, in which the trough is also 
mainly caused by the difference in motion between flux tubes starting at different 

latitudes. The motion of high latitude flux tubes is fast and across the polar cap, where 
they are refilled with ionization. At latitudes southward of about 57°-63° N the flux 
tubes do not visit the polar cap region and move much slower, corotating eastward 
with the earth. 

(2) Schunk et al. (1976) discussed the decrease ofH• concentration by upward flow in the 
polar wind. Since H• and o• concentrations are related by 

(4.3.3) 

this will also cause a decrease in o• concentration at lower heights. A so-called 
light-ion trough is often present, also during daytime. The polar wind can only explain 
part of the decrease of the electron content. 

(3) Another loss reaction that occurs in the F-region is: 

+ + 0 + N2 --7 NO +N (4.3.4) 

Schunk et al. (1976) suggested that strong plasma convection causes a temperature 
increase by an increase of ion-neutral collisions. This would result in an increased rate 
for reaction (4.3.4). NO+ rapidly recombines: 

NO++e-7NO (4.3.5) 

The reaction (4.3.4) is also faster for vibrationally excited N2 molecules, which are 
formed in the auroral zones by collisions with precipitating particles and may be 
transported by diffusion and the equatorward night-time· neutral wind in the 
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thermosphere. It is not believed that this significantly influences trough formation 
(Moffett and Quegan, 1983). 

At present it is believed that the most important mechanism for the development of 
the trough are the variations with latitude of the convection pattern (1). 

Although the mid-latitude trough itself has been studied extensively in the last 
decades, no detailed description has yet been given of the processes determining the shape 
of the equatorward wall of the trough. At mid-latitudes a gradient in the electron content 
exists at daytime, due to the variation of the solar zenith angle with latitude. Although the 
overall electron density decreases after sunset by recombination, a gradient continues to 
exist at night-time. The night-time total electron content can, however, not be explained 

solely as the remainder of daytime ionization. In that case one would expect a gradual 
decrease of the electron content in the evening and the night. In reality the total electron 
content is more or less constant throughout the night; it may even exhibit a small maximum. 
A significant decrease of the total electron content is sometimes observed just before 
sunrise at ionospheric heights. Important factors that may be responsible for the 
maintenance of the night-time mid-latitude F-layer are: 

(a) Upward drift of the F-layer at night. The mainly horizontal, neutral winds in the 
thermosphere influence the height of the F-layer, and thereby the total electron content, 
because the recombination rates are height dependent (Rishbeth, 1972). Under the 
influence of neutral winds the ions, and hence also the electrons, will move along the 
geomagnetic field lines, b, in the F-region: 

Here ue and lin are the velocities of the electrons and the neutrals, respectively. 

The equation of continuity for the electrons is: 

(4.3.6) 

(4.3.7) 

where N e is the electron density, qe the production rate (ionization rate), and Le the 
chemical loss rate. To first approximation the horizontal gradient of Ne may be 
neglected and un may be considered as constant. From (4.3.6-7) it then follows that 

(4.3.8) 

sin(Ib)(uwb) is positive at night (equatorward wind) and negative during the day 
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(poleward wind). Hence, during the day the ionosphere is lowered and at night it is 

lifted by the neutral wind. As a consequence of the decrease of the density with height, 

recombination is slowed down at night and enhanced during the day. Note that an 

upward drift can not explain a secondary maximum at night. It can only explain the 

reduced decrease of the electron content. 
(b) Transport of plasma from the protonosphere. For a geomagnetic dipole field the 

volume of the flux tubes in the protonosphere is proportional to L 4 , where Lis again 
the equatorial radial distance of the geomagnetic field line, expressed in units of radii 
of the earth (4.3.2). Jain and Williams (1984) and Standley and Williams (1984) have 

presented evidence that the protonospheric fluxes over western Europe do indeed 

show this strong variation. They compared incoherent scatter radar observations made 
at Malvern (geograpicallatitude 53° Nand L=2.6) and St.Santin (geographical latitude 

45° Nand L=1.8). At Malvern the average flux required to maintain the ionosphere 
was 1.44 x 10 12 m·2s·1 while at St. Santin it was 0.74 x 1012 m·2s·1

• On account of the 

difference in L-values the protonospheric fluxes may differ by 70 %. 

A model for the interaction between the plasmasphere and the ionosphere has 
been developed by Murphy et al. (1976). During a geomagnetic storm, the 
plasmasphere is depleted, and the plasmapause moves to low L-shells (L=1-2). After 

the storm, the plasmaspheric flux tubes are refilled during daytime by diffusion from 

the underlying ionosphere. At night the plasma flux is downward, but the total amount 
of plasma that is transported downward during the night is smaller than the amount 

transported upward during daytime, the difference depending upon the value of L. The 

time required to refill the flux tube up to its saturation value varies from several hours 
at L=2 up to about 8 days at L=4, due to the above mentioned difference in flux tube 

content (Park, 1974). Since usually magnetic storms and substorms succeed each 
other at time intervals shorter than the time required for refilling the plasmasphere at 

large values of L, the plasmasphere never reaches its saturation plasma density at such 

L. 
Finally, it should be noted that the night-time downward flux of protons 

depends upon the flux tube content (L), the height and concentration of the Frlayer, 

and the temperature difference between the plasmasphere and the ionosphere (Murphy 

eta/., 1976). Recently it has been shown that the solar illumination of the conjugate 
ionosphere is an important factor influencing downward transport at night. Bailey et 

a/. (1990) showed that when both hemispheric regions are in darkness there is a 

significant decrease in the plasma temperature and the scale height of both topside 
ionospheres, which gives rise to significant night-time enhancements of the total 

electron content. When the conjugate ionosphere is sunlit the temperatures in the 

topside ionosphere remain high, and this hampers downward plasma flow into the 
dark ionosphere. 

(c) Horirontal drift in the presence of a gradient in electron density. The prevailing neutral 
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wind in the northern hemispheric winter is northward. However, at night, due to its 
diurnal variation, the neutral wind is southward. Ion drag will act to decrease the 
electron density at night by increasing recombination when the ions are dragged 

southward, where the electron density is larger. The ions can only move parallel to the 
geomagnetic field, so when moving southward they also move upward, which would 
lead to a smaller recombination rate (see (a)). Which motion actually dominates the 
process, depends upon the inclination of the geomagnetic field and the value of the 
gradient in the electron density. 

(d) Ionization by precipitating soft particles (energies< I keY) takes place at altitudes 
above 160 km. Although its importance in the auroral region has been established, not 
much is known about its contribution to the maintenance of the mid-latitude F-layer 
(Rishbeth, 1986). 

(e) At night-time still some ionization by scattered solar radiation takes place. For instance 

night-time Es is explained this way. This ionization is not expected to be a major 
factor, since it occurs at altitudes where recombination takes place rapidly. 

At present it is believed that the main processes responsible for the maintenance of 
the F-layer during the night are downward protonospheric plasma transport (b) and upward 
drift of the F-layer (a). 

We will now discuss some of our observations in the light of the above sketched 
picture of the night-time mid-latitude ionosphere. 

The NNSS-satellite signal receivers were positioned at a geographical latitude of 
about 47° N during our November 1987 campaign, so the southern boundary of the night
time mid-latitude trough in the electron content (45°-55° N) was located somewhere in the 
middle of the latitude range of the recordings. 

During a number of nights we observed stationary ridges in the total electron 
content. These ridges were almost east-west aligned and located at latitudes of about 45° N. 
They retained their shape for several hours, and often they did not disappear until the 
morning, when they "drowned" in the sharp increase of the total electron content due to 
sunrise. A typical example is shown in figure 4.9. Note that the ridge even represents an 
absolute maximum in the total electron content in the observational range of latitudes. 

Similar total electron content profiles with a ridge at about 45° N have been reported 
by Vodyannikov et al. (1984), who recorded the Faraday rotation of the 40 MHz signal of 

the Intercosmos-19 beacon satellite during three consecutive passes over Alma-Ata 
(geographical coordinates: 43° N, 77° E). They interpreted the stationary ridge as a standing 
ionospheric disturbance. In our view such a ridge should be considered as an isolated 
irregularity in the electron density rather than a standing wave, since there is no regular 
succession of crests and troughs. Vodyannikov et al. suggested that their "wave" was 
excited by the airflow over mountains, which seems quite unlikely in view of the vanishing 
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Figure 4.9 
Latitudinal profiles of the total electron content (dotted lines), as observed from Tours and 
Besan(;on during two consecutive satellite passes, recorded in the early morning of 29 

November 1987. The projection of the satellite orbits from the stations at ionospheric 

height ( 350 km), the traces, are slwwn as solid lines. The offset of the dotted lines from the 
solid lines gives the difference between the total electron content at that point and the total 

electron content at the station in Jd6 electrons I m2
• 

phase velocity of mountain waves. Mountain waves are apt to be filtered by the wind 
before reaching ionospheric heights. 

They furthermore note that the crest of their "wave" seems to be elongated along the 

local geomagnetic parallel (geomagnetic latitude 41° N). Such an east -west alignment of the 

ridges is even more striking in our observations. The almost east-west alignment suggests 
to us that the geomagnetic field plays a role in their creation. At our observational site the 

geomagnetic declination is about -16° (if the simple geomagnetic dipole model described in 

155 



appendix 2.D is applied). Because of this small geomagnetic declination it was not possible 
to determine whether the ridges were actually elongated along the geographic or the 
geomagnetic parallel, since our data do not have sufficient latitudinal resolution. 

The ridges are located at latitudes where downward transport of plasma is important 
for the maintenance of the ionosphere at night (see above). We suggest that the ridges are 
due to this dowward transport of plasma. Our observational sites are located at a 

geomagnetic latitude of 49°, L:=2.3, i.e. at a location inside the equatorial plasmapause 
where refilling of the protonospheric flux tubes takes about a day (Park, 1974). The 
inclination of the geomagnetic field is about 67°. The geomagnetically conjugate points have 
almost the same geographical latitudes in the southern hemisphere as the observational sites 
have in the northern hemisphere. Their geographical longitudes are about 25° eastward 
from those of the observational sites. This implies that the local time difference between the 
observational sites and their geomagnetically conjugate point is about 1.7 h. The 

geomagnetically conjugate points are also subject to solar illumination for a larger part of 
the day in November. Thus, in November at ground level, sunrise occurs about 4.2 h 
earlier, and sunset occurs about 0.7 h later, at the geomagnetically conjugate points 

(Nautical Almanac, 1986). The median values ofN mF2 for November 1987 at Lannion and 
Poitiers (figure 4.7) show a small decrease in the early morning hours when the 
geomagnetically conjugate ionosphere is sunlit. This effect conforms to the predictions of 

Bailey et al. (1990; see also the remarks above under b)). In the total electron content data 
in figure 4.7 such a decrease is less evident, probably due to the limited amount of data 
available for night-time and the errors in the evaluation of total electron content (section 
4.2). Anyway, the protonospheric downflow was probably much smaller during the early 
morning hours than during the remainder of the night. Hence, in the early morning hours 
no new field-aligned irregularities can be created by protonospheric downflow. This is 
consistent with our observations, since the structures we observe usually appear in the late 
evening or some hours after midnight, and their shapes do not change much until local 

sunset, when they disappear. 

In order to create ridges or even a local maximum in the total electron content by the 
protonospheric downflow of plasma, it seems necessary that there is also a variation in the 
plasmaspheric density. As discussed above (b) downward fluxes grow with latitude or L if 
the flux tubes are all saturated after a sufficiently long geomagnetically quiet period 
(Standley and Williams, 1984). 

Recently, a statistical study of plasmaspheric density structure, based upon in situ 
observations from the Dynamics Explorer 1 satellite, has been published (Horwitz et a/., 
1990). It is found that from 0-12 MLT (magnetic local time) the plasmaspheric density is 
more or less "featureless" up to the plasmapause, while from 12-24 ML T the plasmaspheric 

density can often be characterized as having multiple plateaus as the L-value increases. The 
transition from one plateau to another is characterized by a decrease in density of at least a 
factor 10 in less than 0.5 units of L. It is found that the outer plateau usually extends from 
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L""2-3, the plasmapause at high geomagnetic actlvtty, up to L"'4-6, the regular 
plasmapause. Horwitz et al. suggest that the outer plateau is the part of the plasmasphere 
that is still being refilled, while the inner plateau represents saturated plasmaspheric 

densities. They observed other, still more irregular distributions in about 10 % of the cases, 

usually when there had been much geomagnetic activity. The multiple plateau structure in 

the plasmaspheric density may be expected to generate a maximum in the night-time 

downward flow just below the boundary between the inner and the outer plateau (L""2-3). 

We suggest that this is the cause of the ridges in the total electron content that we observed. 
This conjecture may be tested in the future by comparing simultaneous observations of the 

night-time total electron content and the structure of the plasmasphere. 
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To our knowledge ridges in the mid-latitude total electron content have not been 
discussed explicitly in literature by others than Vodyannikov eta/. (1984; see above). The 
total electron content technique applied to signals of polar orbiting satellites is one of the 
few techniques that produce profiles of the total electron content versus latitude. Usually 
this is done by using only a single receiver, in which case the longitudinally wide character 
can only be seen if subsequent passes of the satellite are compared. It is interesting to 
compare our observations with maps of the total electron content that were produced by 
Bertin and Papet Lepine (1970) for the same ionospheric region for the winters 1964-1965, 
1965-1966, and 1966-1967. Figure 4.10 shows that in the winter of 1964-1965 a 
maximum in the total electron content occurred at about 50° N close to local midnight. The 
maximum disappears northward of 55° N geographical latitude, where the trough begins. 
Bertin and Papet Lepine evaluated similar maps for the other two winters, and they argued 

that this nocturnal winter maximum is probably due to downward protonospheric fluxes. It 
is likely that the nocturnal winter maximum that they assert is identical to the ridges that we 
are discussing here. Some evidence for a ridge at about 50° N is also present in the results 
of Mendillo and Chacko ( 1977) presented in figure 4.8. 

The observations of Bertin and Papet Lepine, and Mendillo and Chacko strongly 
suggest that the ridges are a frequently occurring winter night-time phenomenon located at 
the equatorward boundary of the mid-latitude trough. The explanation in terms of 
protonospheric downflow that we have suggested, is consistent with earlier suggestions 
that such down flow is the most important factor contributing to the maintenance of the mid
latitude night-time F-layer and that it causes the equatorward edge of the mid-latitude 

trough. 
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4. 4 Simultaneous observations of travelling ionospheric distur
bances by two-dimensional radio interferometry and the 
differential Doppler technique applied to satellite signals 

This section has been adapted from Van Velthoven era/. (1990). 

4. 4 .1 Introduction 

In this section we will discuss the characteristics of travelling ionospheric disturbances 

(TIDs) that were observed during the differential Doppler campaign (section 4.1). Tills 
have been studied experimentally for several decades (cf. section 1.2). A great variety of 

values for the dominant direction of propagation of Tills has been reported in the literature 
(see e.g. Mercier 1983, 1986; Kelder and Spoelstra, 1987). Propositions about the diurnal 
and the seasonal variation of the dominant azimuth have also been been put forward. 
Waldock and Jones (1986) have collected evidence on the assumption that the dominant 
direction of propagation rotates clockwise in a day due to filtering of the A OW-spectrum by 
the neutral wind in the upper atmosphere. 

The response of the ionosphere to AGWs in the neutral atmosphere is not isotropic 
(section 1.4). Observational biases (section 2.4) may complicate the interpretation of 
observed TID properties in terms of AGW characteristics. Besides, as will be shown in this 
section, sufficient time and spatial averaging is required to obtain meaningful values for the 

parameters that characterize AGW s. 
In view of the biases that may be introduced by specific observational techniques, 

we have concentrated efforts on a campaign during which different instruments operate 
simultaneously. In November 1987 we measured TID azimuths by two basically different 
techniques: 

Tw0:dimensional ractio interferometry 

The first employed technique is two-dimensional radio interferometry, as used by Mercier 
(1983, 1986). The apparent shift in position of a point source observed by a radio 
interferometer is proportional to the gradient in total electron content (TEC) along the line
of-sight in the direction parallel to the baseline of the interferometer (section 2.2). The 
apparent position shifts observed by two perpendicular radio interferometers allow for 
unambiguous determination of the horizontal gradient in oblique TEC. The azimuth of 
phase propagation of Tills can only be determined modulo 180 °, since the TEC gradient 
points alternatively forward and backward. 

The Nan~ay Radioheliograph (47° N, 2° E) is a two dimensional array of antennas 
especially designed for solar observations (the Radioheliograph Group 1983, 1988). From 
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10 to 30 November 1987 it observed Virgo A (right ascension 12h30, declination 12°, 
angular size - 1 '). Observations started 3 h before and ended 3.5 h after transit of Virgo A 
through the local meridian, which occurs at approximately 9 h UT in November. The 

observational frequencies were 164 MHz for the east-west array and 236.6 MHz for the 
north-south array. 

The ionospheric point (point of intersection of the line-of-sight and the ionosphere 

at an altitude of250 km) moves from east to west at an almost constant latitude, about 170 
km south of Nanr;ay, with a velocity of about 25 m/s. The maximum elevation of the line
of-sight was 55°. The angular position shifts were typically about 1' of arc and were 
measured with an accuracy$ 6" of arc. 

The characteristics of this technique are: 
- it integrates along the line-of-sight in the ionosphere. 
- it is directly differential, since it provides the horizontal gradient in total electron content. 

- it is local in the sense that the range of spatial integration transverse to the line-of-sight 
has an extent of the same order as that of the array itself (3.2 km x 1.3 km).This is much 
smaller than the accepted values for the scalesize of gravity waves at ionospheric 
heights. 

- the observation is continuous in time, enabling a statistical and spectral analysis. 
- the velocity of the ionospheric point is small, so essentially the temporal behaviour of 

TIDs is observed. 
- the redundancy of baselines allows for a significant reduction of noise. 

The derivation of TID-azimuths was described by Mercier (1986). The 
instantaneous azimuth is determined from the ratio of north-south and east-west positions 
shifts. Averages over 10 mins, 1 hour, and the whole observation (6.5 hours) are 

evaluated. The mean azimuth for the whole observation is also obtained by determining the 
orientation of the horizontal coordinate system (axes) for which the components of the 

gradient in the TEC show zero correlation. The dominant wave train then propagates along 
one of these axes. Along the other axis one has an uncorrelated background. 

The differential Doppler technique 

The second employed technique is the differential Doppler technique, which is described in 
section 2.3. Ground-based observations of the differential Doppler shift during an NNSS 

satellite pass (typical duration 15-20 minutes) provide the variation ofTEC over about 25° 
of latitude. The latitudinal resolution, related to the integration time of 4.6 s of the receiver, 
is about 10 km. At a height of 250 km, the ionospheric point on the line-of-sight towards 
the satellite moves nearly north-south or south-north at a velocity of about 2000 m/s, which 
is much faster than medium scale gravity waves. Thus, essentially, an instantaneous image 
of the wave pattern is obtained, which enables the determination of the latitudinal 
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wavelength of TIDs. 
The use of several receivers at the same latitude and different longitudes, which 

observe the same satellite, provides also the east-west variation of TEC (see section 4.1 ). 

The traces of the satellite at a ionospheric height of 250 km for the three stations that we 
used, are shown in figure 4.11 for a typical pass. 
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Figure 4.11 
Traces of an NNSS-satellite through the ionosphere at a height of250 km during a typical 

pass,for observation from Tours, Nam;;ay and Besam;on. Also drawn is the ionospheric 

trace of Virgo A for observation by the Nanr;ay Radioheliograph during this day. The part 

of the trace of Virgo A during which the satellite pass took place has been indicated. The 

locations of Tours, Nam;;ay and Besam;on have also been indicated. 
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Figure 4.12 continued 

following, we will assume that the azimuth is southward: 
because of the line-of-sight orientation (between southeastward and southwestward) 
and the elevation(- 50°), waves propagating southward give larger observable effects 
(Bertel et al. 1976; see also section 2.4). 
in a previous study (Mercier et al., 1989), the direction of propagation could be 
determined unambiguously, using observations of both the apparent position shifts by 
the Radioheliograph and the focussing effects on spectra by the Nanyay Decameter 
Array, which operates in the frequency range 25-70 MHz. In all 22 analyzed cases the 
propagation was southward. 

The standard deviation of the azimuths observed on 17 November was about 30° 
(figure 4.12c). 

On 20 November (figure 4.12b) the propagation was also mainly southward, but 
the azimuthal dispersion is larger (figure 4.12d). This day both short and long period 
waves, with probably different azimuths, were present (figures 4.12d-e). 

Figure 4.13 illustrates that the spatial coherence of wave pave patterns can be quite 
different for different NNSS-satellite passes. For satellite pass (a) the wave patterns 
observed at all three stations show much resemblance. For satellite pass (b) the wave 
patterns observed at the two stations that are closest to each other, Tours and Nanyay, 
show much resemblance, but the wave pattern observed at Besanyon is quite different. This 
indicates that the coherence in longitude of wave patterns may be less than a few hundreds 
of kilometers, even for moderately large scale TIDs. A superficial glance at these wave 
patterns also shows that the lines of equal phase of observed TIDs are almost east-west for 
both satellite passes, indicating an almost southward azimuth. 
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Figure 4.13 
Two observations of the relative variation in total electron content with latitude, obtained by 
the differential Doppler technique at the three receiver stations Tours, Nanr;ay, and 

Besanr;on: (a) 16 November 1987 8h21 and (b) 17 November 1987 9h49. The assumed 

wave height (for projection of the satellite orbit) was 250 km. For case (a) the coherence 

between Besanr;on and the other two stations is much better than for case (b). 

4.4.3 Comparison of TID azimuths from the two techniques 

Thorough analysis of azimuths obtained by the two techniques has shown that only 
azimuths obtained by some averaging procedure are comparable. This is most clearly 
demonstrated by varying the sizes of the time and spatial intervals used for averaging. 

In figures 4.14a-c the azimuths obtained by the differential Doppler technique for 
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satellite passes, during which wave patterns observed at the stations were coherent, are 

compared to azimuths obtained by the Radioheliograph with averaging time intervals of 6.5 

hours (figure 4.14a), 1 hour (figure 4.14b), and 10 minutes (figure 4.14c), respectively. 

For the last two cases the intervals for averaging were centered around the time of closest 

approach of the satellite. These graphs strikingly illustrate the increase in azimuthal spread 
with decreasing averaging time for the Radioheliograph (along the horizontal axis in figure 
4.14a-c). 
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Some researchers (e.g. Spoelstra and Kelder, 1984; Kelder and Spoelstra, 1987; 

and Jakowski and Putz, 1986) have used a method to determine TID azimuths that we will 
call "identification of peaks". They observe similar wave patterns at different locations in 

the ionosphere, e.g., along the ionospheric traces of a satellite whose signal is recorded by 

several ground based receivers. Peaks, ridges, or troughs can be identified and attributed to 
the same wave front. The direction perpendicular to the line segment connecting two 

ionospheric points, at which such corresponding peaks are located, gives the direction of 

phase propagation. In figure 4.14d we have plotted the Radioheliograph azimuths versus 
such "peak identification" azimuths for the differential Doppler technique. Comparison with 

the cross correlation analogue (figure 4.14a) shows that additional spread in the azimuths is 

introduced by"the peak identification method (the spread in the vertical direction is greater in 
figure 4.14d than in figure 4.14a). 

It should be stressed here that the considerable spread we observe both for the radio 

interferometric and differential Doppler derived azimuths, is not of instrumental origin, 
since the accuracy of azimuth measurements is less than about 10° for both techniques. The 
gravity wave trains are not purely unidirectional: there are only dominant wave trains with 

amplitudes about 3 times larger than that of the superimposed background (figure 4.15). 
The observed azimuthal dispersion might give an estimate of the angular size of the wave 

source. Also, instantaneous azimuths, obtained simultaneously from the Radioheliograph 

and differential Doppler measurements, will be identical only if the ionospheric points and 
the lines-of-sight are close to each other. This was not generally the case, as is shown in 

figure 4.11 for a typical satellite pass. For a meaningful comparison of the results it was, 

therefore, necessary to average the azimuth over entire wave trains (averages over time for 
the Radioheliograph and averages over space for differential Doppler), as we have 

demonstrated with the help of figure 4.14. 

An additional cause of azimuthal spread for the differential Doppler measurements 
is associated with the dispersion of waves between two observing stations: the observed 

wave trains are not monochromatic, their spectrum can be relatively broad (figure 4.12e). 

Different spectral components have quite different phase and group velocities, so the wave 

pattern changes continuously. This could also explain why the peak identification method, 

which uses only information on localized parts of the wave pattern, gives more dispersed 

results than the cross correlation method. 

4. 4.4 Results for gravity wave characteristics 

Azimuths and altitude 

As noted above, the spread of the measured azimuths is large, and can be interpreted in 

terms of the ratio between the amplitude of the dominant wave train and that of the 
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uncorrelated background, which we call the contrast. Note that usually the uncorrelated 

background is also due to the presence of gravity waves. Figure 4.15 shows the histogram 
of the observed contrasts. The wave trains have a contrast of about 3 during the hour that 

their amplitude is largest, and of about 2 when averaged over an entire observation of 6.5 

hours. 
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Figure 4.15 
Histogram of the TID contrasts (ratio between the amplitude of the dominant wave train and 

of the uncorrelated background, which usually also contains gravity waves) observed with 

the Radioheliograph. 

Upper part.· contrasts for averages over 6.,S_h_(whole observations). 

Lower part: contrasts for averages over U the hour when the TID was most intense. 

The vertical lines indicate the mean values. 

Figure 4.16 shows the histograms of averaged azimuths obtained by both 

techniques. Figure 4.16a shows the histogram of azimuths averaged over entire radio 
interferometric observations (from about 5 h till about 12 h UT) and figure 4.16b the 

histogram of azimuths deduced from differential Doppler observations by cross correlation. 
The central values are respectively II 0 and 13° east from south. Note that the widths of the 

distributions of azimuths are comparable for both techniques: the standard deviation around 
the mean value over the campaign is about 15° in both cases. 

A rough estimate of the mean altitude of the waves can be obtained in the following 
way: the azimuths deduced by means of the differential Doppler technique depend upon the 

assumed altitude of the waves, since this altitude influences the position of the traces of the 

satellite (as discussed in section 2.3.6; see also figure 2.14). For example, figure 4.16c 
shows the distribution of azimuths obtained by assuming a wave height of 350 km, which 

roughly corresponds with the mean ionosphere height. The central value has increased to 
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22° east from south, and the width of the distribution has also considerably increased as 
compared to figure 4.16b. We found that the correspondence between the differential 
Doppler and the Radio heliograph results was best for an assumed wave height of 250 km. 
The AGWs in the neutral atmosphere that cause the observed TIDs may have had 
amplitudes decreasing above 250 km due to damping by thermal conduction, ion drag, or 
nonlinear effects. By model calculations, Volland (1969) has shown that thermal 
conduction acts as an important damping factor for AGWs at altitudes larger than 200 km, 
and that in most cases the maximum AGW amplitudes occur at altitudes below 300 km. 
Similar conclusions have been drawn by Klostermeyer (1972), who included ion drag in 
the analysis, and by Hickey and Cole (1988). 
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Figure 4.16 
Distributions of azimuths observed during the campaign. 
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a) Radioheliograph azimuths averaged over whole observations (6.5 hours). 
b) Differential Doppler azimuths evaluated by cross correlation with an assumed wave 

height of250 km. 
c) Same as b), but with an assumed wave height of~-
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The dominant TID period as observed by the Nan~ay Radioheliograph was about 40 
minutes during the present campaign (figure 4.17). During earlier observations of the sun 
by the Radioheliograph in the winters 1980-1983 (Mercier, 1986), the observed dominant 
TID period was smaller, about 20 minutes. The mean azimuth, 40° east from south, was 

more eastward. Another difference between the two series of observations is that for the 
observations of the sun the maximum elevation was 20°, while the elevation of Virgo A 
during the present campaign was about 55°. It seems difficult to explain the difference in 
observed periods by phase cancellation effects influencing visibility (Georges and Hooke, 

1970), since waves with shorter periods are expected to have wave vectors closer to the 
horizontal plane (figure 1.6) and should, therefore, be less visible at low elevations. 

The difference in azimuths and periods may be due to a difference in the filtering of 
the AGW spectrum by the neutral wind at lower altitudes or a difference in the gravity wave 
source for the two series of observations. 
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Figure 4.17 
Histogram of the angular frequency, ro, of the dominant TID wave trains observed by the 

Radioheliograph. The mean value (solid line) corresponds with a period of about 40 min. 

Horizontal wavelengths 

The differential Doppler shift measurements yield horizontal wavelengths mostly in the 
range 200-600 km, centered around a mean horizontal wavelength of 445 km (figure 4.18). 
These are typical horizontal wavelengths for medium scale TIDs (cf. section 1.3). 
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Figure 4.18 
Distribution of the horizontal wavelengths, A.h, of dominant T/Ds observed by the 

differential Doppler technique during the campaign. The mean horizontal wavelength (solid 

line) is 445 km. 
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Distribution of the amplitudes ofTIDs relative to the background total electron content, as 

observed by the differential Doppler technique during the campaign. 
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Amplitudes 

From the differential Doppler shift analysis, it is found that the TIDs generally have 
amplitudes (half the actual variation) relative to the background total electron content in the 
range of 1-10 %, with an average over all recorded satellite passes of 4% (figure 4.19). 
Above we showed that the mean wave height probably does not coincide with the 
maximum in electron density. Hence relative amplitudes at 250 km might even be larger. It 

is therefore not evident that the observed perturbations in electron density can be treated as 
acoustic-gravity waves in the neutral atmosphere following a linear approach (small 
perturbations). 

Coherence length 

The coherence length can be estimated from the overall resemblance between the wave 
patterns observed at the three NNSS-stations during the same satellite pass. For the two 
stations closest to each other (ionospheric distance -85 km), the resemblance is generally 
good, while the most distant ones (ionospheric distance -220 km) often show poor 
correlation (see e.g. figure 4.13b). This means that the coherence length generally is 
smaller than about 200 km. As discussed above, this can be related to the broadness of the 
spectra and to the fact that gravity wave trains are not purely unidirectional. In a few cases 

the coherence lengths of the wave patterns were larger. These cases will discussed 
separately in a forthcoming paper. 

4. 4. 5 Comparison with earlier observations 

One of the purposes of the present campaign was to find an explanation for an existing 
discrepancy in the reported dominant azimuths of TIDs during the day. Spoelstra and 
Kelder (1984) and Kelder and Spoelstra (1987), combining NNSS-satellite recordings 

and east-west radio interferometry, found a dominant TID azimuth in the south-west 
quadrant. Mercier (1983, 1986), using two dimensional radio interferometry as described 
above, found a dominant azimuth in the south-east quadrant. Both series of observations 
took place during winter over western Europe and at a mutual distance of only about 600 
km. 

The present results suggest that the reasons for the discrepancy might be that: 
The data reduction method used by Spoelstra and Kelder consisted of identification of 
peaks, which gives results not characteristic for the whole wave pattern. 
It is difficult to obtain consistent data from observations involving different lines-of
sight and stations of observation. 
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Finally, the possibility of an actual difference between the azimuths at the two 

locations cannot be entirely ruled out. 

Waldock and Jones (1986) used a 4-station HF-Doppler sounding network to 

observe TIDs. They found a much larger spread in the azimuth than we did and claimed a 
clockwise rotation of the mean azimuth of TIDs in the course of the day at ionospheric 

heights (see their figure 10). Such a rotation can be explained as an effect due to filtering by 

the neutral wind, which rotates 360° clockwise in 24 hours. 
Figure 4.20 shows that we do not find such a regular rotation of the mean azimuth 

of TIDs with time. The filtering effect of the neutral wind depends, in fact, upon the phase 

velocity, and hence upon the scale of AGWs. In the case of Waldock and Jones the 
dominant period of observed TIDs was 15-20 minutes, which is much shorter than for the 

TIDs we observed, so their phase velocities are probably smaller than ours. This might 

explain why rotational effects in the direction of the phase velocity are not found in our 

results. 
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Figure 4.20 
Variation of the mean hourly TID azimuth observed by the Radioheliograph during the 
campaign. 
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4. 5 A universal spectrum of ionospheric irregularities 

In this section we discuss the mean latitudinal wave number spectra, which were obtained 

by logarithmically averaging the spectra of the relative perturbations in TEC, which were 

evaluated for each recorded satellite pass, as described in section 2.3.6. 

Figure 4.21 shows the mean latitudinal wave number spectrum for all daytime 

satellite passes recorded at the three stations Tours, Nanc;ay, and Besanc;on. 
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Figure 4.21 
Logarithmically averaged spectra of the relative perturbation in TEC observed at Tours, 

Nam;ay, and Besant;on versus latitudinal wave number, k p-An average TID height of 250 

km (section 4.4 .4) has been assumed. 

For large latitudinal wave numbers (small wavelengths) the spectral amplitudes 
become noisy due to the nonzero (about 0.2°) interval width between ionospheric points in 

latitude. For small latitudinal wave numbers, there is a maximum in the spectral amplitude, 
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probably because we have multiplied the data with a Hanning filter of the size of the 

latitudinal window (broader than 20° in latitude for all passes). 
In the latitudinal wave number interval k~ =0.1-1 (degf1 the mean spectral 

amplitude (the square root of the power) falls off ask~ -s with s=3/2. Table 4.1 gives the 
values for the exponent, s, and the constant, a, that were found by fitting of 
10log(amplitude)= a- s. 10log(k(}) to the data presented in figure 4.21 for the the three 
observing stations. The exponent, s, is indeed close to, but somewhat less than 3/2. 

Table 4.1 
Result of fitting 10 log( amplitude)= a- s.10 log(kfJ) to the spectra for the three stations in 
figure 4.21. Apart from the slopes and the abscissa a also the value of the amplitude at 
k/3=1 I 0 , which is close to the maximum, is given. 

Station Tours Nanc;ay Besanc;on 

s 1.37 ± 0.08 1.45 ± 0.07 1.48 ± 0.09 

a -1.18 ± 0.05 -1.22 ± 0.03 -1.21 ± 0.05 

Amplitude at k~=l (degf1 0.066% 0.060% 0.061% 

In section 2.4 we showed that in case the thickness of the ionosphere is small in 
comparison to the vertical wavelength of the AGWs and the radius of the earth, the AGWs 
will show the same spectral slope as the TIDs. Note that the thickness of the ionosphere is 
not necessarily larger than the vertical wavelength for all observed AGWs. If the 

approximation is valid, the data imply that the spectral power of the AGWs, which is 
proportional to the square of the spectral amplitude, falls off with an exponent of about 
-2.8 to -3. 

Measurements of horizontal wave number spectra of AGWs are relatively scarce. 
Radar and other instruments probing the atmosphere allow only for observations of vertical 
wave number and frequency spectra. For the troposphere and the stratosphere horizontal 
wave number spectra have been derived from wind and temperature measurements on 
board of commercial aircraft by Nastrom and Gage (1985). At horizontal wavelengths 
below a few hundred km their spectra have slopes near -5/3; their slope steepens to about 
-3 in the wavelength range 1000-3000 km. In spite of the altitude difference, this agrees 
reasonably well with our results. According to Van Zandt (1985) no horizontal wave 
number spectra are available at altitudes above 20 km. 
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It is often assumed that the spectral density is separable with respect to vertical 
wave number and frequency: 

2 2 
(!) - (!) 2 

g 2 kh 
(!) 

(4.5.1) 

where Az and Aro are the one-dimensional vertical wave number and frequency spectral 
densities. Dirac's o function is included due to the dispersion relation for AGWs (1.19). 
The vertical wave number spectrum is then supposed to be saturated. The amplitude of an 
AGW grows with exp(z/2H) as it propagates upward, because the atmospheric density 

decreases (section 1.2). This growth is limited by the occurrence of instabilities (convective 
or dynamical), by nonlinear effects, or by dissipation, leading to saturation of the vertical 
wave number spectrum, Az. In recent years much attention has been given to the the study 
of instabilities as the mechanism for limiting wave growth (Smith et al., 1987). From 
simple linear theory it is found that both the convective and the dynamical instability give 

rise to a saturated spectrum with a large vertical wave number behaviour as: 

( 4.5.2) 

This agrees also well with the spectra observed at altitudes from the troposphere up to the 
thermosphere, although the experimental values for the exponent of algebraic decay may be 
somewhat less negative than the theoretically predicted slope of -3 (Van Zandt, 1985; 
Smith et al., 1987). A "universal" spectrum of atmospheric gravity waves was first 
proposed by VanZandt (1982). 

Spectra as a function of frequency, taken at various heights, show a peak near the 
local Brunt-Vaisala frequency, a fast decay for larger frequencies, and are almost constant 
for smaller frequencies (Van Zandt, 1985). If the spectra can indeed be represented by 
( 4.5.1 ), the slope of-3 of the horizontal wave number spectra may be due to the slope of 
-3 of the vertical wave number spectrum. However, in order to prove this rigorously, the 
detailed shape of both the vertical wave number and the frequency spectrum has to be 
known. 

4.6 Conclusions 

In this chapter we have discussed the results of a measurement campaign of three weeks in 

November 1987 in France. Measurements of the differential Doppler shift were done 
throughout the day with receivers at three locations several hundreds of km apart along an 
east-west line. They were used to study the background total electron content, stationary 
night-time irregularities, and Tills. In the morning hours TIDs were observed not only by 
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the differential Doppler technique, but also by two-dimensional radio interferometry with 
the Nan~ay Radioheliograph. 

In section 4.2 we have tested schemes for the evaluation of total electron content 

from differential Doppler shift recordings of signals of the polar orbiting NNSS satellites. 
It was found that errors in the total electron content evaluated by a single station procedure 
are mainly due to the collinearity of the functions of latitude that are fitted. Such errors may 
be reduced by simultaneously using more receivers at approximately the same longitude but 
widely differing latitudes. 

In section 4.3 we described observations of almost east-west aligned ridges in total 

electron content at about 45° N, which were made during night-time. These ridges remain 
almost stationary for several hours until they disappear at sunrise. It was argued that they 
are probably due to downward transport of plasma from the protonosphere at the 
equatorward edge of the mid-latitude trough in total electron content. The phenomenon is 
probably the same as the nocturnal winter maximum that was reported by Bertin and Papet 
Lepine (1970). 

In section 4.4 we have shown that two different techniques, observation of 
apparent position shifts of radio sources by radio interferometry and measurements of 
differential Doppler shifts of NNSS-satellite signals, give consistent values for the 
azimuths of phase propagation of gravity waves in the ionosphere. The deduced values 
agree satisfactorily, when we take into account the partially random character (azimuths) of 
the waves and the fact that, in general, the lines-of-sight of the instruments do not coincide. 
Previously found discrepancies might be attributed to insufficient averaging and/or the 
difficulty of deriving the azimuth of the waves from a combination of observations with 
different lines-of-sight. Comparison of azimuths derived by the two techniques also gave 
evidence that the mean height of the perturbations in the total electron content was about 
250 km, significantly lower than the height of the maximum in the ionospheric electron 
density. Furthermore, we found that in the morning (6-12 h UT) gravity waves have a 

mean azimuth of 11° east from south. This azimuth differs significantly from the azimuth of 
gravity waves previously obtained by the Radioheliograph, but for lower elevation of the 
line-of-sight. A possible explanation could be that the visibility of gravity waves depends 
upon the elevation of the line-of-sight (section 2.4), but further observations and analysis 
are needed to confirm this point. The absence of large systematic changes of the azimuth 
with time seems to rule out efficient filtering of the observed medium scale gravity waves 

by the neutral wind. 

In section 4.5 we analyzed the latitudinal wave number spectra of the irregularities 
in the total electron content. It was found that the spectral power decays algebraically with 
an exponent that is close to -3. This behaviour of fluctuations is consistent with that found 
from measurements on board of aircraft near the tropopause by Nastrom and Gage (1985). 
It probably has to be understood in terms of a theory on the universal spectrum of 
atmospheric gravity waves, that has been proposed by VanZandt (1982). 
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CHAPTER 5 

SOURCES OF MSTIDS 

5.1 Introduction 

In chapter 3 we presented a study of the climatology of the frequency of occurrence, the 
amplitude, and the period of medium scale travelling ionospheric disturbances, MSTIDs. In 

chapter 4 the azimuths of MSTIDs were derived from differential Doppler frequency 

measurements and two-dimensional radio interferometry. In this chapter we will discuss 
the relationship between the observed MSTID characteristics, and the climatology and the 

properties to which the various excitation mechanisms give rise. The following observed 

climatological results are to be explained: 
the period of MSTIDs shows a dominantly diurnal variation with a mean at about the 

Brunt-Vaisaia period. The variation around the mean is probably due to neutral wind 

effects (section 3.4.6). 

- The amplitude and the frequency of occurrence of MSTIDs show a semidiurnal variation, 

with a large peak around local noon and a secondary maximum at night. This variation 

occurs in all seasons except in summer when the frequency of occurrence and the 
amplitude are smaller, particularly during daytime. In summer there is no pronounced 

maximum at noon but a minimum in the afternoon. 

- The amplitude of MSTIDs has a weak solar cycle dependence. In years of low solar 
actitvity the amplitudes were smaller than in years with high solar activity by a factor of at 

most about 2. Probably, this has to be explained by solar cycle variations in the electron 

(tracer) density (section 3.5). 

- In chapter 4 we found that, in November 1987, the azimuths of MSTIDs were centered 

around a direction slightly ( = 12°) east from south. It must be noted that this result holds 

for only a restricted domain in time. Azimuths towards the pole are, however, also rarely 
found by others (Kelder and Spoelstra, 1987). 

- The amplitude and the frequency of occurrence of MSTIDs vary with season: a maximum 
occurs in winter and a minimum in summer. 

- The climatological variations in the quantities related to MSTIDs are highly transient. 

The daily variations in the quantities related to MSTIDs, that are described above, 
suggest that the interaction between tides and acoustic-gravity waves (AGWs) is important. 
Kelder and Spoelstra (1987) have suggested tides as an excitation mechanism. Spizzichino 

(1969-1, IV) has shown that secondary AGWs may be generated by the interaction of the 
diurnal tide and a primary AGW. This excitation mechanism will be discussed briefly in 

section 5.7. It should, however, be kept in mind that the daily variations in the amplitude 
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and the occurrence of TIDs are modified by the daily variation of thermospheric electron 
density, as was discussed in section 3.4.4. This modification consists of an increase in the 
response of the ionosphere to AGWs in the winter and around noon. 

Interaction of AGWs with upper atmospheric tides also takes place by means of 

Doppler shifting or filtering of the spectrum of AGWs by the neutral background wind. In 
section 3.4.6 it was shown that the mentioned diurnal variation of the period of TIDs can 
be explained by either of these, and that, on the basis of the data, we cannot discriminate 
between the two. Filtering includes t.Titical coupling with as well as reflection by the neutral 
wind. Still it may be that part of the MSTIDs have intrinsic periods smaller than the Brunt

Vaisali:i period, T g• in the upper atmosphere. This would mean that one is dealing with 
acoustic waves (infrasound) instead of gravity waves. Thus, the question arises whether 
mode conversion from gravity waves to acoustic waves can occur. This question will be 
addressed in section 5.2. 

In sections 5.3-7 we will discuss the climatology and the importance of the various 
suggested excitation mechanisms: the solar terminator, jet streams and wind shears, 
orographic excitation, auroral sources, and interaction between waves or between waves 
and tides. 

In section 5.8 the conclusions from this chapter will be summarized. 

5. 2 Mode conversion and evanescence 

It was shown in section 3.4.6 that the daily variation of the apparent period of MSTIDs can 
be explained by either Doppler shifting or filtering by the tidal neutral wind at 
thermospheric heights. On the basis of our data we could not discriminate between filtering 
and Doppler shifting. 

In the case of Doppler shifting it is assumed that the spectrum of AGW periods 
does not change with time for an observer at rest relative to the neutral background 
thermosphere. For an observer at a fixed location on the ground the observed period of 
TIDs then varies diurnally with a minimum in the period occurring at night, if also the 
commonly accepted assumption of average southward propagation is made. Doppler 
shifting does not affect the amplitude of the waves. 

On the other hand, if one assumes that the spectrum of periods of waves 
propagating upward into the thermosphere does not change with time, filtering by the tidal 

wind in the thermosphere can explain the reduction of the period of MSTIDs at night and 
reflection the increase in the period of MSTIDs at daytime, again if the direction of wave 

propagation is assumed to be southward on the average. In the case of filtering a strong 
increase in amplitude is expected to occur just below the critical level, where the phase 
velocity of the AGW equals the velocity of the neutral wind. Filtering might thus also 
explain the large amplitudes and occurrences at night. The noon maximum in the amplitude 
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and the frequency of occurrence of MSTIDs might then be explained as the result of the 

larger ionospheric response to AGWs due to the larger electron density. 
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Figure 5.1 
The upper (solid lines) and lower boundaries (dotted lines) of the range of evanescent 

waves with a fixed horizontal wavelength, Ah, which is indicated by numbers in km. Also 

shown are the acoustic cut-offperiod, Ta, and the Brunt-Viiisiilii period, T g• which are the 

boundaries of the range of evans cent waves for a horizontal wavelength that approaches 

zero. The curves were evaluated from the ClRA-1986 model atmosphere (ed. Rees, 1988) 

for a latitude of 45 ° N. 

The observed small apparent periods at night-time may also indicate that the 

intrinsic period can become smaller than the Brunt-Vaisala period, Tg, in the upper 
atmosphere. This might mean that one is dealing with acoustic waves (infrasound) instead 

of gravity waves (cf. section 1.2). The acoustic and gravity wave branch are separated by a 
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region of evanescent waves (Ta<T<T g), so the temperature profile in the upper atmosphere 

should either be such that it allows for mode conversion, or such that the range of altitudes 

where the waves are evanescent is small. This means that the scale height H of the 

atmosphere should increase rapidly in the altitude range where the waves are evanescent. 

Figure 1.3 showed the characteristic periods versus altitude. The vertical distance between 
equal values ofT g and Ta is only 10-30 km in between 100 and 200 km altitude. It seems 

to follow that mode conversion can easily happen. However, continuity of hydrodynamic 

quantities implies that the horizontal wavelength and the period of the wave remain constant 

as it propagates upward. The constancy of the horizontal wavelength further restricts the 
domain of periods of non-evanescent waves. In figure 5.1 the upper boundary of the range 

of periods where AGWs become evanescent is indicated by a solid line and the lower 

boundary by a dotted line for several values of the horizontal wavelength, A.h (its value is 
indicated). This shows that mode conversion, as an AGW propagates upward, is highly 

improbable. It can be concluded that the observed small periods are Doppler shifted, such 
that the intrinisic period is larger than the Brunt-Vaisala period, or that part of the observed 

waves are evanescent. 

5. 3 The solar terminator 

The generation of internal acoustic-gravity waves by the solar terminator was suggested by 

Beer (1978). He proposed that AGWs can be excited by the absorption of solar radiation 
by water vapour, ozone, and thermospheric constituents. In this section we will first 

construct a simple model for the generation of AGWs by the terminator and later we will try 

to confront this model with the observations. 

We will evaluate the spectrum of AGWs which is generated by the terminator in a 
cartesian coordinate system, i.e., treating the atmosphere as locally flat, as we did in 
section 1.2. At length scales of the order of the horizontal wavelength of MSTIDs this is a 

reasonable approximation. The terminator is considered as a heating source that is constant 
in the direction of the y-axis (northward) and that moves with a uniform velocity in the 
negative x-direction (westward). In the absence of external forces, the source term (1.12) 

of the acoustic-gravity wave differential equation (1.11) is significantly simplified. To first 

approximation the atmospheric scale height, H, and thereby the sound velocity, c
5

, in 

( 1.11 ), can be treated as constant. The differential equation ( 1.11) can then be Fourier 

transformed with respect to the spatial coordinates to obtain: 

(5.3.1) 

where D describes the dispersion of acoustic-gravity waves: 
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(5.3.2) 

Ch is a factor with which the heating function is to be multiplied. It depends upon the 

vertical wave number and the frequency: 

(5.3.3) 

Let qL be the source term for an a infinite line source that moves westward with 
constant velocity U T in the inenial frame of the fluid, and let ~(x,z) describe the spatial 

distribution of terminator heating in the direction of the x- and z-axis. Then the source term 
for the terminator, qp can be written as a convolution with respect to x and z of qL and 

gT(x,z): 

[ 
-z/(2H)] 

qT(r ,t) = gT(x, z) e * qL (r ,t) (5.3.4) 

with 
2 

qL(r,t)=(21t) o(x+UTt)o(z) (5.3.5) 

Here convolution,"*", means: 

+oo +oo 

(h 1* h2 ) =I I dx' dz' h 1(x; z') h2(x-x', z-z') (5.3.6) 

-oo-oo 

The solution of (5.3.1) with q=qu denoted by 'I'L(r,t), is a kind of Green's function. 

After Fourier transforming qL, one obtains from (5.3.1 ): 

'¥ = ch(k ,ro) o(k ) o(ro+k uT) 
Lk.ro z y x 

(5.3.7) 

According to (5.3.1), 'I'L k,ro is found by dividing'¥ L k,ro by D(k, ro). Performing the 
inverse Fourier transform of 'I'L k.ro with respect to the wave number, k, then yields: 

-i rox/ UT -tOO ik z 
'Jf (r) = Ch(-i ~ , ro) e I z dk 

Lro oz UT D'(kz,ro) z 
(5.3.8) 

-oo 
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where 

(5.3.9) 

The singularities of the integrand in (5.3.8) are given by: 

k = z 
[ ro

2tui- D1(ro) ]/Dlro) 

(5.3.10) 

The path of integration of (5.3.8) can be closed in the upper half of the complex kz-plane, 
yielding: 

-i (I) X I VT 
"' (r) = ch (-i a ro) _e __ _ 

Lro UT 

iz~ . r-;:-
n: i e /...; -Er if Er < 0 

(5.3.11) -z/Er 
n:e / JEr ifF-r>O 

(5.3.2) and (5.3.10) can be used to write Er explicitly in terms of ro and UT: 
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(5.3.12) 

An oscillatory solution is obtained only ifET<O. It follows that gravity waves (ro<rog<ro) 
can be excited by a moving infinite line source for subsonic motion (UT<c

8
), but not for 

supersonic motion (UT>c
5
). On the other hand, acoustic waves (ro>roa>rog) are excited 

only if the velocity UT of the terminator is supersonic. 
In the more general case, q=qp of a moving source which is constant in the 

direction of the y-axis, the solution is: 

(5.3.13) 

where"*" again indicates the convolution with respect to the x- and z-coordinate (5.3.6). 

We are especially interested in the frequency dependence of the amplitude of the 

excited acoustic-gravity waves, since this determines which frequencies are most likely to 

be observed by, for example, radio interferometry. A quantity of interest is I'I'Lrol, which 

gives the frequency dependence of the response of the atmosphere to a moving line source: 
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where we have used the following dimensionless quantities: 

m =UTI c5 (Mach number) 

mo = rog I roa= Ta I Tg (typically- 0.9) 

mg=roglro =TITg 
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(5.3.14) 

(5.3.15) 
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The dependency of wave generation by an infinite line source upon the period (see text). m 
is the Mach number. The dashed lines indicate where m

8
=1 (T=T

8
) and m

8
=m0 (T=T ). 

187 



(5.3.14) is valid only if Er < 0 (oscillating solution). This condition can be expressed in 
terms of the dimensionless quantities as: 

(5.3.16) 

This implies that gravity waves (mg>l) are generated only if m<m0<1 (subsonic), and 
acoustic waves (mg <m0) are generated only if m> 1 (supersonic). Figure 5.2 shows l'lfLrol 
as a function of mg for some values of the Mach number m and for fixed m 0=0.9. The 

medium has its largest response for gravity waves for m g"" 1 (T = T g), and the largest 
response for acoustic waves occurs for mg""mo (T:::T a). This typical behaviour is not 
restricted to line-shaped sources (for other kinds of sources see e.g. Kato, 1980). It reflects 
that the Brunt-Vaisala period is the resonance period of the medium for the kind of waves 
we are considering. The Brunt-Vaisala period, T=T g (mg=l), and the acoustic cut-off 

period, T=Ta (mg=ffio), are indicated by dashed lines in figure 5.2. 
At a height of 250 km the speed of sound is about 675 m/s (this is the typical value 

that is used in calculations throughout this thesis, e.g., section 1.2). The maximum velocity 
of the terminator, reached at the equator, is 482 m/s at this height. Hence, the terminator is 
subsonic at all latitudes at this height. At lower heights the speed of sound can become as 
small as 300 m/s, smaller than the velocity of the terminator. For a speed of sound of 300 
m/s the terminator is supersonic between about 50° N and 50° S geographical latitude. 

Let us now discuss the experimental evidence for generation of AGWs by the solar 
terminator: 

The terminator should cause maxima in the frequency of occurrence and the 
amplitude of MSTIDs immediately after sunrise and sunset if it excites AGWs at 
thermospheric heights. The radio interferometric observations, discussed in chapter 3, did 
not show such maxima, and it was concluded there that the terminator cannot be the main 

source of the observed MSTIDs. Some evidence for waves generated by the terminator can 
be found, however. In chapter 4 observations made in November 1987 with an east-west 
chain of receivers of NNSS satellite signals were described. The early morning 

observations often have a striking feature. Examples are shown in figure 5.3a-c. The night
time stationary structure at about 45° N (section 4.3) is disappearing, but still recognizable. 
It will drown in the overall increase of electron density after sunrise. At the sunlit part of 
the satellite trace, i.e., at the southern side of the terminator, MSTIDs start to appear. This 
is well illustrated by figure 5. 3b-c showing profiles of TEC observed about one hour apart. 
The ionospheric traces of the satellite for the observations in figure 5.3c were about 4° 

eastward from those in figure 5.4b, so the difference in the times of observation relative to 
sunrise is about a quarter of an hour more. At 7h 12 (figure 5.3b) the ridge at about 45° N is 
the dominant feature, and there is little or no wave activity. At 8hl0 the ridge is still 
recognizable, but there are also waves in the sunlit parts of the traces. The ridge at 
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Besam;on, which has been illuminated by the sun longest, has almost disappeared. We 

were not able to determine the azimuths of the waves in figure 5.3c because of the small 
coherence of the wave pattern from one station to another. This may either be due to the 
fact that the waves travel almost east-west or be due to the small spatial scales of the waves. 
For the example shown in figure 5.3a we found an azimuth of 30° east from south from 
cross correlation between Tours and Nan~ay, and of 14° east from south from cross 

correlation of Nan~ay and Besan~on. We would expect bow waves that are excited by the 
terminator to have azimuths closer to the east. 
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Examples of early morning TEC measurements. To facilitate comparison between the 
stations the TEC profiles have been offset with the value of the TEC at the station. 
a) 16 November 1987 7h52. 
b) 18 November 1987 7h12 . 

c) 18 November 1987 8hl0. 
The arrows indicate the location of the terminator at the longitude of the trace at ground 
level. 
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Of course, the terminator is not the only possible explanation for the appearance of waves. 

Another, equally probable, explanation is that during the night the ionized layer is situated 
at high altitude, while in the morning ionization develops lower in the atmosphere. Since 

waves in the neutral atmosphere cannot reach high altitudes due to damping by thermal 

conduction (Volland, 1969; Klostermeyer, 1972), they can only be observed by the 

differential Doppler technique if the altitude of ionization is sufficiently low. This can also 

explain the sudden appearance of MSTIDs in the morning. 

It should also be noted that, if the waves after sunrise in NNSS-signal recordings 
are due to the terminator, they must be due to the effect of the terminator at thermospheric 

heights, in view of the time difference between sunrise and the appearance of the waves. If 

the waves are generated at lower altitudes a significant time interval (of the order of several 
hours) will be required for their propagation upward into the ionosphere. It seems unlikely 
that the times necessary for the propagation from the middle atmosphere to them1ospheric 

heights are so large that the maxima in the occurrence of the corresponding MSTIDs will be 
almost at noon and at midnight, as was the case for the radio interferometric observations 

discussed in chapter 3. 
The azimuths of the MSTIDs observed by the differential Doppler technique in 

November 1987 were, on the average, almost southward (section 4.4). This is another 

argument against excitation by the terminator. Therefore, it can be concluded that the 
terminator is not the main source of the MSTIDs we observed. 

5. 4 Jetstreams~ wind shears 

The generation of gravity waves by jet streams has been thoroughly discussed in the 
literature (e.g. Mastrantonio eta/. 1976). Strong jet streams exist at several levels in the 

atmosphere, as will be discussed below. 

In order to check whether instabilities actually occur in the jet streams, one should 

consider the Richardson number profile. The Richardson number Ri is defined as: 

(5.4.1) 

If Ri is greater than 0.25 everywhere shear instabilities do not occur according to the theory 
(Drazin and Reid, 1981). If Ri becomes smaller than 0.25 anywhere, unstable (growing) 

waves can be generated. Theoretically, the phase velocity of the fastest growing mode is 
usually found to be close to the wind velocity in the region of maximum shear and parallel 

to the jet stream (Mastrantonio et al., 197 6). In fact, the theorem of Miles-Howard (Drazin 
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and Reid, 1981, p.142) states that for inviscous parallel shear flows the complex horizontal 

phase velocity v ph of all unstable modes lies in a semi-circle around the mean background 

velocity u: 

(5.4.2) 

Part of the waves generated by jet streams and wind shears propagate upward and 

might be observed as MSTIDs in the upper atmosphere if the conditions are favorable, i.e., 

if they are neither filtered or reflected by the neutral background wind, nor damped at 

intermediate levels (Bertin et al., 1978). Due to the uncertainties in the background neutral 

wind at intermediate heights, reverse ray tracing of ionospheric waves to mesospheric or 

tropospheric heights with sufficient accuracy to associate particular TIDs with particular 

sources is difficult. Bertin et al. (1978) made an attempt to do reverse ray tracing using 

observations of the wind as well as empirical wind models. They found that part of the 

MSTIDs they observed could be traced backward to regions with tropospheric jets or 

frontal systems. The estimated errors in the sizes of the source regions they found, seem 

rather small in view of the errors that are introduced by using mean upper atmospheric 

winds. 

The tropospheric jet streams 

Near the tropopause level (8-12 km), one has the polar jet stream at latitudes of about 

45-62° and the subtropical jet stream at latitudes of 35°-52° (Kress, 1967). The occurrence 

and the strength of the tropospheric jet streams are intimately connected with the 

tropospheric general circulation pattern. They occur at the top of the polar and subtropical 

front respectively. In a frontal layer, the boundary between two air masses, a large 

horizontal temperature gradient exists, which causes vertical shear of the geostrophic wind, 

as follows from the thermal wind equation (Palmen and Newton, 1969, p.102 ff.): 

(5.4.3) 

Here ugeo is the (horizontal) geostrophic wind, which follows from the approximate 

equilibrium between pressure gradient and Coriolis force in the horizontal momentum 

equation. roez is the vertical component of the angular velocity of the earth and T the 

temperature. The gradient, V P' is to be evaluated along a surface of constant pressure, p. 
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The climatologies of the polar and the subtropical jet stream were studied by Kress 
(1967) for the region in between zoo W- zoo E and 35°-70° N for the years 1955-1963 from 
300 mbar weather charts: 

The polar jet stream is most frequently present during winter months with 
maximum occurrence in October, December and January and minimum occurrence in 
August. In June there is a secondary maximum and in November a secondary minimum of 
occurrence. During summer it is more frequently present at zoo W than at zoo E, which is 

related to the active depressions around Iceland in the summer months. 
The average polar jet stream direction in winter and autumn at zoo W is towards 

1Z0° east from south and eastward in summer and spring. At zoo E it is mostly eastward as 
well and in general the direction lies in the cone between 30° south and north from east. The 
wind velocities are larger in winter than in summer, and larger above the Atlantic Ocean 

than above the continent. Characteristic wind velocities are Z5-65 m/s with a mean of about 
35 m/s. The polar jet stream has a depth of Z-5 km (about 3.4 km on average). 

Neisser ( 1985) used rawinsonde observations to study gravity waves excited by the 
polar jet stream above Europe. He found a mean value of 33.4 m/s for the phase velocity, 
with a small variation from September to January: September: 30.5 m/s, October: 31.0 
m/s, November: 31.4 m/s, December: 37.8 m/s and January: 35.3 m/s. This agrees well 
with the above mentioned theoretical result of Mastrantonio et al. (1976) that the phase 

velocity of the fastest growing unstable mode is close to the wind velocity in the region of 
maximum wind shear and parallel to the jet stream. 

The seasonal variations of the polar jet stream intensity and occurrence, and of 
MSTID activity do agree. The phase velocities of MSTIDs are, however, much larger than 
the polar jet stream velocity and their directions are usually centered around south (section 
4.4), which seems to rule out this source. 

The subtropical jet stream can be ruled out as a source for the MSTIDs we observed 
above France and the Netherlands as well, because it is located south of these regions most 
of the time and the observed MSTIDs propagate southward. Furthermore, it has a seasonal 
variation contrary to that of the polar jet stream (Kress, 1967), which thus also differs from 
the seasonal variation in MSTID activity. 

The mesospheric jet stream 

Figure 5.4 shows the zonal wind in the middle atmosphere as a function of latitude and 
altitude for four months with a characteristic circulation pattern. The values of the wind 
were evaluated by applying the thermal wind equation (5.4.3) to temperature data from 
satellites (Barnett and Corney, 1985). This geostrophic wind corresponds within a few m/s 
with the true zonal wind at altitudes below 60 km. Higher up drag by tides and gravity 
waves should be included to obtain the true zonal wind from the geostrophic wind. The 
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Figure 5.4 
Middle atmospheric geostrophic zonal wind as a function of latitude and altitude for 
December, April, July and September (from satellite data) as presented by Barnett and 
Corney (1985). 
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mesospheric geostrophic zonal wind in the northern hemisphere shows an eastward jet in 
winter, that is strongest in December at about 60 km at 40° N (100 m/s), and a westward jet 
in summer, that is strongest in June at 70 km at 40° N (55 m/s). In April and September the 
zonal wind shows little variation with altitude. The maxima in the true mean zonal wind 

may be somewhat smaller than those in the geostrophic wind. Conversely, true zonal wind 
profiles at particular instances may have larger gradients and maxima than the mean profile. 
The winter mesopheric jet stream may well generate AGWs with phase velocities 
comparable with those observed for the slowest MSTIDs (also about 100 m/s). The 
variation of the strength of the mesospheric jet stream does not entirely agree with the 
observed annual variation in MSTID occurrence (section 3.6). MSTID occurrence 

maximizes in January and May-June, while the strength of the mesospheric jet stream 
maximizes in December and July. Also, the mesospheric jet stream cannot generate AGWs 

with phase velocities of 200-300 m/s. Hence, a substantial part of the MSTIDs must be 

excited by other mechanisms. 
In order to check whether instabilities actually occur in the mesospheric jet stream, 

one should consider the Richardson number, Ri (5.4.1). If Ri is greater than 0.25 
everywhere shear instabilities do not occur according to the theory. For the mean profiles 
shown in figure 5.4, Ri is greater than 10 everywhere. Figure 5.5 shows Ri and the Brunt
Vaisala period for December at 50° N, as evaluated from the data used in figure 5.4. For 
true zonal wind profiles determined at particular instants Rican get closer to 0.25, since Ri 
is quite sensitive to variations in the wind on a small vertical scale. 
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Profiles of the Richardson number, Ri, and the Brunt-Vilis ala period, T 8 , for the mean 
profile for December (figure 5.4) at 50° N. 
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Another problem that ought to be recognized, if one tries to identify mesospheric jet 

streams as the source of MSTIDs, is that they maximize at latitudes south of our 
observational station, while MSTIDs are observed to move southward on the average. At 

latitudes near or north of our observational station(- 52° N) the mesospheric jet streams 

can still be quite strong, however. 

We conclude that, neither the tropospheric nor the mesospheric jet streams are likely 

to be the direct source of the observed MSTIDs, because of the difference between the 

phase velocities of the waves that can be generated by them and those of MSTIDs. 

5. 5 Orographic excitation 

The flow of air over mountains may generate propagating as well as local perturbations of 

the hydrodynamic quantities. Extensive reviews of the influence of mountains on the 

atmosphere have been given by Queney et al. (1960) and Smith (1979). If the length scale 
Lm of the mountains and the wind velocity u are such that Lrrfu < Tg, the Brunt-Vaisala 

period, the disturbances generated by the topography decay upward. On the other hand, if 

~/u > T g' buoyancy effects dominate and upward propagating lee waves occur with lines 
of constant phase that tilt upstream. The horizontal phase velocity of the waves relative to 

the flow equals -u, such that the waves are stationary relative to the mountains. Their 
group velocity is directed upward and downstream relative to the mountains. 

Very often lee waves are reflected by stable layers in the troposphere (where Tg is 
large) and become trapped. Because of their small horizontal phase velocities, they are also 

apt to be filtered or reflected by wind at low atmospheric levels, so they cannot be expected 

to propagate upward into the thermosphere under most circumstances. MSTIDs with phase 

velocities smaller than 100 m/s are rarely observed. We conclude that lee waves cannot be 

directly associated with MSTIDs. Still they might feed energy to the waves that cause 

MSTIDs by means of some kind of interaction at an intermediate atmospheric level. Such 
interactions will be discussed in section 5.7. 

5.6 Auroral sources 

Atmospheric gravity waves can be excited by precipitating particles causing auroral currents 

in the polar regions at times of geomagnetic activity. There are two mechanisms by which 

currents influence the distribution of the neutral gas. The Lorentz force, fL, acts on charged 

particles and through collisions motions are transferred to the neutral particles. Secondly 
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the neutral gas is heated by Joule heating, qJ: 

(5.6.1) 

Here j is the current density, B0 the background magnetic field, E the electric field 
associated with the current, and crc the Cowling conductivity. Assuming the currents are 

horizontal and the magnetic field is vertical (near the poles), the relative importance of the 

two mechanisms can be found by comparing the contributions of q and fx or fy in the source 
term in the wave equation (1.12). If one neglects the contribution of the derivative with 

respect to altitude of the heating term, one obtains for the ratio between Lorentz force and 

Joule heating terms, Ru: 

(5.6.2) 

Note that g/H = (4/y) roa2 > roa2 > ro/ holds generally. 
In the low frequency limit (rog>>ro) we are dealing with gravity waves, and (5.6.2) 

reduces to: 

(5.6.3) 

The correction to (5.6.3) for frequencies that are larger, but still smaller than the 

Brunt-Vaisala frequency (gravity waves), tends to favour Joule heating even more over the 

influence of the Lorentz force. Formula (5.6.3) was one of the starting formulas Brekke 
( 1979) used to show that Joule heating is the major source for the generation of LSTIDs. 

We will follow his line of reasoning. If one neglects the neutral wind Ohm's law can be 

written as: 

(5.6.4) 

where <rp. crH and cr0 are the Pedersen, Hall, and parallel conductivities. At the altitude of 

the electrojets the parallel conductivity is smaller than the other conductivities, and the 
electric field component parallel to the geomagnetic field is usually small in the polar 
region, so the third term in (5.6.4) can be neglected. Insertion of (5.6.4) and (5.6.1) into 
(5.6.2) yields: 
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g H B0 (1 - oi I ro~) J 2 2 
RLJ = 1 + v. I().) . 

vp E (1- ro2H I g) m ct 
(5.ti5) 

where roci is the ion cyclotron frequency, v1n is the effective collision frequency between 

ions and neutral particles, and v ph the horizontal phase velocity of the excited gravity 

waves, ro I kh. Typical values for the constants are: 

2 
g =9.5 m Is 

H=10km 

5 2 
B0= 5.4 x 10 W lm 

E=40mV lm 

R. =Jl + l lro
2

. me m Cl 
1-3 in between 110 and 140 km 

The electrojets are located at about 120 km altitude, where Rinc = 2. 

Insertion of these values gives 

130 Rinc 

(5.6.6) 

(5.6.7) 

It follows that for LSTIDs, which have horizontal phase velocities of 300 to 1000 m/s, 

Joule heating is the most important excitation mechanism, as Brekke (1979) already 
showed. For MSTIDs, which have horizontal phase velocities of 100-300 m/s, the Lorentz 

force becomes as important as Joule heating as an excitation mechanism. This will also be 

true if the electric field is smaller, or if the source region is located higher in the 

atmosphere. 

Presently not much is known about the characteristic size and temporal variability of 

auroral sources of MSTIDs. Therefore, it is difficult to say something about the spectrum 

of the excited MSTIDs. Simultanuous observations of Joule heating and wave phenomena 

in the auroral region would be helpful in this respect. 

Propagation of MSTIDs from the auroral zone to mid-latitudes may be problematic, 
since they usually have group velocities tending more to the vertical than those of LSTIDs 

(section 1.2, figure 1.7). If auroral MSTIDs are observed at mid-latitudes, they must have 

been reflected. Reflection can occur at ground level or at levels where large gradients in the 

neutral temperature (section 5.2) or the wind exist. 

Another problem is that MSTIDs are more severely damped than LSTIDs, as they 
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propagate equatorward from the auroral zone. Calculations done by Richmond (1978) 

suggest that MSTIDs with phase velocities of 200-300 m/s and periods of less than an hour 
are damped by a factor 10 within 1000 km from the source region, while LSTIDs can 

easily propagate over 3000-10000 km before undergoing similar damping. 
In section 3.4.5 the diurnal variation of the amplitude of MSTIDs was compared 

with the corresponding auroral electrojet index variation. For those observations the 

distance to the auroral zone was of the order of 2000-3000 km. Maxima in the auroral 
electrojet activity occurred only about 0.5-1 hour before the maxima in MSTID activity, 
which is not enough to account for the travel time to mid-latitudes. It may be, however, that 
the daytime changes in ionospheric response and filtering by neutral wind at night affect the 
daily variation of MSTID activity such, that the relationship with auroral activity is 
obscured. 

We conclude that the observed MSTIDs are probably not directly generated by 
auroral sources, mainly because of the (theoretically predicted) severe damping during their 
propagation to mid-latitudes (Richmond, 1978). 

Apart from the auroral electrojets, the equatorial electrojet can also generate AGWs. 
Since the bulk of the MSTIDs observed at mid-latitudes have phase velocities directed 
equatorward, the equatorial electrojet cannot be their main source and it is not considered 
anymore. 
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5. 7 Interactions between waves or waves and tides 

5. 7 .1 Introduction 

In the foregoing sections we have discussed various sources of acoustic-gravity waves, 
AGWs, in the atmosphere. The daily variation of the occurrence and amplitude of MSTIDs 
as well as the average almost southward direction of the phase velocity are arguments 
against the terminator as the dominant source for MSTIDs (section 5.3). AGWs generated 
by wind shears, jet streams and orography in the lower and middle atmosphere all have 
phase velocities, which are too small for them to be associated with MSTIDs in the 
thermosphere (section 5.4-5). For aurorally excited MSTIDs dissipation is expected to be 
so strong that it may be doubted whether they can actually reach mid-latitudes (section 5.6). 
Besides no statistical evidence for auroral excitation could be found from radio 
interferometric observations (chapter 3). 

Nonlinear interaction between AGWs or tides can generate waves with other wave 
numbers, frequencies, and phase velocities. In this section we will show that, by weak 
nonlinear interaction, a primary gravity wave with a small horizontal phase velocity can 
feed energy to two secondary gravity waves, one of which has a large horizontal phase 
velocity. In view of the problems encountered in finding a source mechanism exciting 
gravity waves with the large horizontal phase velocities associated with MSTIDs, this 
seems an important process. 

In the literature only few observations of nonlinear wave interaction in the 
atmosphere have been reported. Spizzichino (1969-I) reported on meteor radar 
observations of tides at Garchy (47° N, 3° E) between 80 and 110 km altitude. He found 
that the diurnal tide was highly irregular and showed that this could be explained by the 
interaction of the tide with simultaneously observed gravity waves. Klostermeyer (1988) 

discussed evidence for the nonlinear excitation of small period waves by a large amplitude 
gravity wave in radar observations of mesospheric winds. 

The interaction between various hydrodynamical modes has already been 
investigated by Dong and Yeh (1988) for short wavelengths (kc

5
>>ro) and neglecting 

Coriolis effects. The advantage of their formulation over those given by others (e.g. 
Spizzichino, III (1969); IV (1970)), is that they do not only take into account resonant 

interactions between three waves, but also non-resonant ones. In section 5.7.2-3 we will 
extend their theory for the case of arbitrary wavelengths and with the inclusion of Coriolis 
effects. We will also indicate some errors (or implicit approximations) that we found in 
their general formalism. In the short wavelength limit secondary waves on the branches of 
resonant interaction ro1-ro2:=ro, which can have horizontal larger phase velocities than the 
primary wave, have vanishing growth rates. Therefore these waves have not received much 
attention up till now. We will show that the corrections for larger wave numbers lead to 
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nonvanishing growth rates for these waves. 

In the same framework, we can also discuss the interaction between a tide and two 
gravity waves. A tidal mode can locally be treated as a gravity wave with a period of 1/n 
times the period of rotation of the earth (n=l,2,3 ... ). The Coriolis force cannot be 

neglected anymore in the equation of motion for tidal modes. For gravity waves with 
periods that are small compared to the period of rotation of the earth, it can be neglected 
(section 1.2). In our treatment of the Coriolis force we will use the "traditional 
approximation", i.e., only the horizontal components of the Coriolis force are included in 
the equation of motion (Phillips, 1966). Interaction between a tide and gravity waves may 
explain part of the daily variations in MSTID related quantities that were found in chapter 3. 

For the application to MSTIDs as secondary waves the problem is what values 
ought to be chosen for the frequencies and wave vectors of the primary wave, but it will be 

assumed that these are typical for the gravity waves or the tides that are excited in the lower 
or the middle atmosphere, or for LSTIDs. 

5. 7.2 Nonlinear interaction between small amplitude acoustic-gravity 
waves, tides and vortical modes in an isothermal, locally flat 
atmosphere 

In this section we extend the theoretical formalism for weak nonlinear interaction between 
AGWs and vortical modes, developed by Dong and Yeh (1988), to include the Coriolis 

force and to describe also interaction between waves with longer wavelengths. 
Inclusion of the horizontal component of the Coriolis force into the basic 

hydrodynamical equations (1.4-6), in the absence of sources, leads to the following set of 

equations: 

au 
P at + P ( U . V ) U + 2 p Wezez 1\ u + V p p g = 0 (5.7.1) 

dp+V.(pu) 0 
dt 

(5.7.2) 

~~ + u. v p - c~ [ dt + u .v p ] 0 (5.7.3) 

As in section 1.2 we consider the perturbations from a background atmosphere in 
hydrostatic balance without background wind, i.e., we replace p by p0(z) + p and 
p by p0(z) + p. The background pressure, p0, and the background mass density, p0, are 
given by (1.7). The hydrodynamical equations for the perturbations then become: 
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au 2 au 
Po at + Po(l)ezezAU + Vp- p g = -p at 
ap at + v. (p0 u) =-v. (p u) (5.7.5) 

()p + w dpo - c2 [ ap + w dpo ] = -u. vp + c2 u. vp 
dz s at dz s 

(5.7.6) 

We have retained the terms of second order in the perturbations, but we have neglected the 
term of third order, p( u. \l')u, in the equation of motion. The terms of second order on the 
right hand side of (5.7.4-6) describe the nonlinear interaction between hydrodynamical 
modes. 

A procedure for solving these equations was outlined by Dong and Yeh (1988). It 
consists of rearranging the equations such that they can be written as a vector equation with 
an Hermitian operator. They defined a five-dimensional vector, h, as: 

h= (5.7.7) 

with 
2 

H = p -cs P 
1

- csJ<y-1) Po 
(5.7.8) 

H = p 
2- CsFo (5.7.9) 

h =Fro u (5.7.10) 

(Here and in the following we use the convention that bold italic symbols denote five
dimensional vectors and that bold symbols denote three-dimensional vectors.) 

Substitution of (5.7.7-10) into (5.7.4-6) shows that h satisfies the following vector 
equation: 

~~ + A(v).h - N -Fo (5.7.11) 
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with 

0 0 0 0 rog 

0 0 a a a~ csax csay cs az - rocrog 

A= 
0 a 

csax 0 -2roez 0 
(5.7.12) 

0 a 
csay 2roez 0 0 

-rog a~ csaz + roa-rog 0 0 0 

and the nonlinear term N N1 (i} N2 (j} N with 

ro 
N 1 = -(h.v) H 1 +-;- (h.ez)H 1 

(5.7.13) 
s 

(5.7.14) 

(5.7.15) 

The Brunt-Viiis~Ua frequency, ro
8

, and the acoustic cut-off frequency, roa, are given by 

(1.3) and (1.13) respectively. The rightmost terms of each of the components (5.7 .13-15) 

were erroneously not included by Dong and Yeh (1988, eq. (8)). In the short wavelength 
limit, kcs>>ro, which they consider in the remainder of their paper, these terms can be 
neglected, though. Of course the Coriolis term in (5.7.15) is also new. 

Now let us first consider the linear homogeneous equation: 

ah at + A(v).h = 0 (5.7.16) 

The eigenvectors of this equation can be found by Fourier transforming with respect to time 
and spatial coordinates: 

[i ro +A (-i k). ] h = 0 (5.7.17) 

203 



To find non-trivial solutions of the linear system of five coupled homogenous equations 

(5.7 .17) the determinant of this system ought to vanish. This yields the dispersion relation: 

2 2 

[ 
2 2 2 2 kh C5 2 2 ] D((t) k) (t) k + (t) (t) + ((t) -(t)g) = 0 ' = zCs a- 2 2 

(t) -40lez 

Five eigenmodet> are obtained with the following eigenfrequencies: 

())(1,2) = ± 

())(3,4) = ± 

1 2 2 2 2 
- (k cs + ro. + 4roez + 
2 

(5.7.18) 

(5.7.19) 

Here the vortical mode is denoted by the superscript 0, the acoustic wave eigenmodes by 
the superscripts 1 (positive eigenfrequency) and 2 (negative eigenfrequency), and the 

gravity wave eigenmodes by the superscripts 3 (positive eigenfrequency) and 4 (negative 
eigenfrequency). The corresponding eigenvectors are: 

h (a)= c<a) (5.7.20) 

with a normalization factor: 
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_!_ 

(ro(o:)Z_4ro;/(k;+ro:-ro;) (ro(o:)Z+ roi) f 2 

For ffitO this normalization factor can be simplified to: 

1 

do:)= i { 2ro<o:l2(ro;-ro<o:)Z)[(roi-4ro;z)k~c; (ro(o:)Z_4ro;/] f 2 

The h (o:) consitute a basis of five orthonormal eigenvectors: 

(h (o:)(k). h (~)* (k)):::: 80:~ 

(Complex conjugation is by convention denoted by "*"). 

(5.7.21) 

(5.7.22) 

(5.7.23) 

Furthermore we have constructed the eigenvectors such that they satisfy the following 

symmetry relation: 

h (o:)*(-k) = h (o:')(k) 

where a and a' are related as given in table 5.1: 

Table 5.1 
Relationship between a and a' (see (5.7.24)). 

a' 
0 
0 2 

2 3 
4 

4 

3 

(5.7.24) 

-------------------------·-~·~·---······~ 

We have normalized the eigenvectors somewhat differently than Dong and Yeh (1988). In 

their case, (5.7 .24) held only for the gravity and acoustic wave modes, not for the vortical 

mode. Our choice will make the forthcoming evaluations somewhat more simple. Note also 

that the eigenfrequencies satisfy the following symmetry relation: 

(5.7.25) 

The general solution of (5.7.16) can be written as a linear combination of the eigenvectors: 
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1 ~ ~ i [ro(a)(k) t- k r] 
h (r, t) = z ~ ~ A(a)(k) h (a)(k) e 

0 

k u 

(5o7o26) 

In order to keep the general solution (5o7o26) real we demand: 

A (uo)(k) =A (u)* (-k) (5o7o27) 

For a=O this again differs somewhat from the formulation by Dong and Yeh (1988, eqo 

(25)) because we have normalized the eigenvector of the vonical mode differently 0 

We now turn our attention to the solution of the nonlinear problem (5o7oll)o It can 

be solved by supposing that in this case the solution is also given by (5o7o26) with 

coefficients A (a) that are functions of time as well as wave number: 

h (r, t) = t L L A (u)(k,t) h (ct)(k) ei [ro(a)(k) t ko r] 

k u 

In order to keep the solution real, we still demand: 

A (uo)(k, t) =A (u)* (-k, t) 

Substitution of (507028) into (507011) yields: 

with 
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vrx.~(kl, k2; k) = ~ { i (h(o.)(kl).k2) (h (~\k2).h (y)* (k)) + 

2v Po 
. (~)(k (~) 2 (13) 

+ [(J)gCs H)o.)(kl) H~o.)(kl)][ 1 (0 2)h (k2) + (J)ezfz/\h (k2) .h(y)* (k) + 
g Cs 

- i (k2.h< 13\k2)) H~y)* (k) ) + 

+ ffia (h(a)(k1).ez) [ Hll3)(k2)(H\Y)* (k) + rogcs H&r)* (k)) - (h(~)(k2).h(y)* (k))] } 
Cs g 

(5.7.31) 

and 

(5.7.32) 

TheW-term (5.7.32) in (5.7.30) stems from the time-dependence of the amplitudes. It was 
not included in the formulation by Dong and Yeh (1988). The V-term (5.7.31) differs in 
two respects from the expression given by Dong and Yeh (1988, eq.(30)). Firstly, 

(5.7 .31) contains a term describing the effect of the Coriolis force, and secondly, the last 
term between the accolades has been added (see also (5.7.13-15)). 

5. 7. 3 Nonlinear interaction between three waves 

In this section we will consider the case of three interacting waves. Under the assumption 
that one of the waves is a primary wave with an amplitude that is much larger than those of 
two secondary waves, an explicit expression for the growth rate of the secondary waves 
will be derived. The derivation will proceed analogously to that given by Dong and Yeh 
(1988). Because (5.7.30) now also contains theW-terms, the resulting growth rate will 
here be given by a somewhat more complicated expression. 

In the case of three interacting real waves, six of the A (o.)(k,t) are not equal to zero 
(see figure 5.6). Let us abbreviate: 

(5.7.33) 
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'Y •• -k 

A(l3')(-k2, t) = 1l3l *(k2, t) 

~13\- k2) =- ~13) (k2) 

~·. -k2 

Jr'l(-k) _Jrl(k) 

A{y')(-k,t) 1Yl*(k,t) 

a', -k 1 
(a') (a) 

ro (-k 1)= -ro (k 1) 

A(a')(-k
1
, t) = 1«) *(k

1
, t) 

Figure 5.6 

... 

.. .. .. .. 
•' .. 

•' .. .. .. .. 

~.k2 

Jl3l (k2) 

.. 

A (l3) ( k
2
, t) 

.. 
.. .. .. 

y, k =kl+ k2 

Jrl (k) 

A(y)(k,t) 

The relations between frequencies, wave numbers and amplitudes for three interacting real
valued waves with k=k1+k2 (Dong and Yeh, 1988). 

The equations (5.7.30) then become: 

{ [ v~.y<-k2,k; k 1) + '(tw<k,-k2; k1)]A; A+ 

a . *dA a . aA; } -iU>:Jt +Ww/-k2,k, k1)A2at+ W113'(k,-k2, k 1)at A e (5.7.34) 
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dA = { [ ~~(k 1 ,k2; k) + vY!kt(k2,k1; k)] A1A2 + 

y dA2 y dA1 } i ro3t 
+W u~(k 1 ,k2; k) A1--at +W ~u(k2,k 1 ; k) Tt A2 e (5.7.36) 

An approximate solution can be obtained if it is assumed that the amplitude of the 
primary wave A is much larger than the amplitudes of the excited secondary waves, A 1 and 

A2. If this condition is fulfilled at the beginning of the interaction, it will remain fulfilled for 

at least some time. Anyway, by making this assumption, the secondary waves that grow 

most rapidly after the beginning of the interaction will be readily found. The terms on the 

righthand side of (5.7.34-35) that contain dNdt, are small in comparison with the terms 
that contain A, and can be neglected. We thus obtain: 

(5.7.37) 

where 

(5.7.37) can be reduced to a system of differential equations with constant coefficients by 
substituting: 

A _ A' -i ro3t I 2 
1.2- 1.2 e (5.7.39) 

This substitution yields: 

'"\A' ()A'
2
* u 1 1 . ' 1 . '* at -cat = 2 1 O}.jA1 +(a+ 2 1 O}.jC) A 2 

aA·1 aA'2* 1 . . 1 . '* 
-d- +- =(b--1m ... d)A1 '•\...A dt dt 2 W.) 21 W.) 2 

(5.7.40) 
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(5.7 .40) is a linear system of first order differential equations with constant coefficients and 
it is readily found that A1' and At are proportional to exp(A.

8
t) with the characteristic 

exponent 

ad+bc ± J (ad+bc)2+ (l-ed)[ 4ab- 2iro3(ad-bc)- ~(l-ed)] 
A.g = 2(1-cd) (5.7.41) 

Note that the growth rate of the secondary waves equals Re(/~.8). 
If c=d=O, or equivalently, if W is neglected, (5.7.41) reduces to the expression 

given by Dong and Yeh (1988, eq.(40)). 

5. 7.4 Nonlinear interaction between three gravity waves or tides in the 
short wavelength approximation 

In this section we will consider the growth rate of the secondary waves for the case of 
interaction between three gravity waves or tides (a, ~. y = 3 or 4) with short wavelengths 

(kcs>>ro). 
The results will differ from the results found by Dong and Yeh (1988) in the sense 

that now also Coriolis effects are included. Before evaluating the coefficients a,b,c and d, 
for the interaction between three gravity waves (or tides), we will give expansions for the 

eigenfrequencies and the eigenvectors of the gravity wave modes. 
For gravity waves ( a=3,4) the eigenfrequency, ro<o.l(k), is 0((kc

5
)
0) according to 

(5.7.19): 

(5.7.42) 

Here ek is the angle between the wave vector and the vertical axis, ez. Note that the 
eigenfrequency ro<o.l(k) for a=3 corresponds with the positive root of (5.7.42) and the 

eigenfrequency for a=4 with the negative root. 
The five-dimensional eigenvector h(o.)(k) (5.7.20) of the gravity wave modes can 

also be expanded for kc
5
>>ro: 
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h <o:>(k) = c'<o:>(k) 

(5.7.43) 

and 
(5.7.44) 

(5.7.45) 

We have also introduced the following unit vectors, which depend upon the direction of the 

wave vector k: 

(5.7.46) 

(5.7.47) 

(5.7.48) 

The three unit vectors (5.7.46-48) form an orthonormal basis in three-dimensional k-space. 

In the short wavelength limit (kcs >> 1) the gravity wave eigenvectors (5.7.43) can 

be approximated by the simple expression: 
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1 

h <a.)(k) c'<a.>(k) 
0 

(5.7.49) 

where the unit vector e8.(a.) , which depends on both k and a, is given by: 

(5.7.50) 

and the normalization constant can be approximated by: 

(5.7.51) 

Note that Hik) vanishes for gravity waves in the short wavelength limit. This means that 
buoyancy is the dominant restoring force at these wavelengths. 

In case Coriolis effects are neglected, (5.7.50-51) become even more simple: 

(5.7 .52) 

(5.7.53) 

Apart from a multiplicative constant (5.7.49) and (5.7.52-53) are identical to the gravity 
wave mode eigenvectors found by Dong and Yeh (1988). 

The expressions for V and W (5.7.31-32) can be approximated for gravity waves 
with short wavelengths as: 

(5.7.54) 

(5.7.55) 

Note that Vis of order (keY while W is of order (kc/. 
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Substitution of (5.7.49-51) and (5.7.54-55) into (5.7.38) with a., p, y 3 or 4 yields: 

'(a) '(~) '(y) 
Cl C2 C { k (e(~)• e ) [1 + (e(Y) e(n)*)] + 

JPo 
e· . k a• • e· 

2 
2 Q 1 

0 

(5.7 .56) 

(5.7.57) 

In the first step of (5.7.56-57) we have also used the relations (5.7.24) and in the second 

step also that c<a>*(k) = -c·<a)(k). Furthermore, we have used abbreviations as: 

(5.7.58) 

c and dare found to be of order (kcs)0. Thus, in the short wavelength approximation they 

are an order of magnitude smaller than a and b. The complex growth rate (5.7.41) is 

therefore to first approximation given by: 

(5.7.59) 

where CO) was the frequency offset from resonance (5.7.33): 

(5.7.60) 
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(5.7.59) is identical to the expression for the growth rate that was given by Dong and Yeh 

( 198 8) for short wavelengths. According to (5. 7 .42) ro3 is of order (kc.)0 if only gravity 
wave modes are considered. Nevertheless, ro3

2/4 will be larger than ab in most of the 

domain, because a and b contain multiplicative constants, involving the background 

density, which are small. The real part of growth rate (5.7.59) will, therefore, only be 
nonvanishing close to the reonance surfaces, where ro3 = 0. Along these resonance 

surfaces, the growth rate in the short wavelength approximation is then given by 

If Coriolis effects can be neglected, as was done by Dong and Yeh (1988), 
(5.7.56-57) and (5.7.52-53) can be combined to yield: 

IAI
2 

{ a.b = sgn(ro(P))k (e .e )[1+ sgn(ro(a)ro(Y))(e .e )]+ 
32 Po 2 ez k 1 e et 

sgn(ro(y))k
2
(ee.ek

2
)[1- sgn(rola)ro~))(e91 .ee)J } • 

{ sgn(rola))k (e
91

.ek)[l+ sgn(ro~)ro(Y))(ee.ee2 )] + 

(5.7.61) 

Note that (5.7.61) is invariant under permutation of wave 1 and wave 2, as it should. 

We end this section by studying some special cases: 

When all three gravity waves have positive (a=l3=y.=3) or negative (a=l3=y.=4) 
frequencies, which was the case studied by Dong and Yeh, (5.7.62) reduces to 

a.b IAI
2 

{ } k (e9 .ek)[1+ (ee.ee )]+ k2(ee.ek
2
)[1- (ee .ee )] • 

32 Po z t 1 z 

• { k (ee
1 

.ek)[ 1 + (e9.e
92 

)]+ k1 (ee.ek
1 

)[ 1- (ee
1 

.e
92

)]} (5.7.62) 

(5.7.62) should be identical to eq. (46) given by Dong and Yeh (1988). Their expression 
still contains some typographical errors in the indices, however. 

The growth rates can be studied further by considering the behaviour as the wave 

numbers of the secondary gravity waves, k 1 and k2, become large in comparison to the 

wave number of the primary gravity wave, k. In that case k 1 +k2=0 i.e.e!'"'n-e2 and 

cj> 1=cj>2+n. From (5.7.46-48) it follows that e91 ""ee2, eq, 1""-eq,2 and ek1"'-ek2. Substitution 
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of (5.7.62) into (5.7.59) then yields: 

(5.7.63) 

The inproducts between unit vectors occurring in (5.7.63) are readily evaluated: 

(5.7.64) 

(5.7.65) 

For this special case the condition for resonance, w3=0, implies: 

(5.7.66) 

The growth rate (5.7 .63) can thus along the surface of resonance be written as: 

~ ,+ IAkl 
ll.g -

4 
(5.7.67) 

It has extreme values at $1=$ modulo 1t, for which it becomes: 

IAkl I [ 2 J 1 2 1 3 ]I 'Ag=± r;;;: sin(6) <t+sin(6)) 14 sin(6) + 2 cos(6) (5.7.68) 
4 v 2p0 

This result was also already given by Dong and Yeh (1988, eq.(61)). Note that the growth 

rate becomes constant as k1 and~ approach infinity along the resonance surface (5.7.66). 
The growth rate (5.7.68) and the zenith angle of the secondary waves are shown as 

a function of the zenith angle of the primary wave in figure 5.7. It is found that the growth 

rate is largest if the primary wave has a horizontal wave vector, in which case the zenith 
angles of the wave vector of the secondary waves are 30° and 150°. This means that the 

period of the primary wave has to be close to the Brunt-Vaisala period and the periods of 

the secondary waves about twice as large. 
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Figure 5.7 
The growth rate, A.g (5.7.68), and the zenith angle, 81 (5.7.66), of the wave vector of the 

secondary gravity waves as a function of the zenith angle, e, of the primary gravity wave. 
These graphs are valid for the limiting case where all three gravity waves have short 
wavelengths, where Coriolis effects are negligible, and the wavelengths of the secondary 
waves are much smaller than that of the primary wave. a, {3, and yare supposed to be all3 

or all4. A.g has been multiplied with 4(2p0/ 12 I /Ak/. 
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For the case of three gravity waves with frequencies that do not have the same sign, there 
are no resonant triads with both k1 and k2 much larger than k as we will see in the next 
section. 

Finally, let us consider the case where the primary wave is a tide or a gravity wave 
for which Coriolis effects cannot be neglected, and where the secondary waves are again 
high frequency gravity waves, for which Coriolis effects can be neglected. (5.7.56-57) 
then yield: 

'(y) 2 2 
IC I IAI { (~) [ (a) ()') ) ab = 

16 
sgn(ro2 ) k (e

9 
.ek) 1 +sgn(ro1 ) (e

9 
•• e

9 
) + 

Po 2 I 

} . 

(5.7.68) 

5. 7. 5 Nonlinear interaction between three gravity waves or tides with 
arbitrary wavelengths 

In section 5.7.4 we derived an expression for the evaluation of the growth rate of 

secondary gravity waves that interact weakly with a large amplitude primary gravity wave 
(5.7.41). For a given primary gravity wave, we can now numerically search the wave 
vectors of those secondary gravity waves for which the growth rate maximizes, and the 
wave vectors for which frequency resonance occurs. In contrast to section 5.7 .4 where we 
studied short wavelength behaviour, we make no such approximation now, because we 
will now also want to investigate interactions between three gravity waves where not all 
three indices a., ~. andy are 3 or 4. 

Figures 5.8-13 show the wave parameters and the growth rates of the fastest 
growing secondary gravity waves for a primary gravity wave with a wave vector zenith 
angle 9 = 32° and a horizontal wavelength of 500 km. It is assumed that the background 
atmosphere is isothermal with a Brunt-Vaisiila period T g=12 min and an acoustic cut-off 
period Ta=T g I 1.1 = 10.9 min (the same background parameters as in section 1.2). This 
implies that the primary gravity wave has a period of 26 min, a vertical wavelength of 
312 km, and a horizontal phase velocity, A.JT, of 320 m/s. The azimuth of the wave vector 
of the primary gravity wave can arbitrarily be set to zero, such that the primary wave 
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propagates in the x,z-plane. 

The coefficients a,b,c, and d that appear in the complex growth rate A-
8 

(5.7.41) are 
proportional to the amplitude of the primary wave, A, and inversely proportional to the 

square root of the background density, p0• 

By explicit calculation we have checked that the Coriolis effects upon the growth 
rates and wave parameters of the secondary waves are negligible, as expected for gravity 

waves with such short periods. 
Figure 5.8 shows the resonance curve of one of the secondary waves in the plane 

<j)1=<P, the vertical plane containing k. The wave vector of the other secondary wave can be 

found by noting that k2=k-k1. The values of the indices of the secondary waves, (a) and 

(~), and that of the primary wave (y), for which resonance, ro3=0 (see (5.7.33)), occurs, 

10~ 

~3 
5 

0 343 

-to-1---.-----,..------,,------r--....-----. 
-3 -2 -1 0 1 2 3 

klh lkh ,.. 

Figure 5.8 
The resonance curves for interaction between three gravity waves in the plane tj>1 = tj>2= tj>. 
The numbers printed on the curves indicate the values of a, {3, and y. The primary wave 

had a horizontal wavelength of 500 km and its wave vector had a zenith angle, 8, of 32 °. 
The parameters of the isothermal background atmosphere are the same as in section 1.2 

(see also the text above). The scales have been chosen relative to the vertical wave number, 

kz, and the horizontal wave number, kh, of the primary wave. 
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are indicated as "a~y" on the resonance curves. Note that a resonance curve for indices 

a~y also is a resonance curve for indices a.'Wr' (see table 5.1). In the previous section 

(eq. (5.7 .66)) we found that for a.~y = 333 (or equivalently 444), the resonance curves for 

large values of the wave numbers of the secondary waves become straight lines with slopes 

of ±tan(O) I tan{ arcsin[sin(0)/2]} , which is about ± 2.3 for 0=32°. 

For resonant interactions where the indices a, ~. and y do not all have the same 

value (the frequencies in (5.7.33) are not all positive or all negative), the wave numbers of 

the secondary waves are in general of the same order of magnitude or smaller than that of 

the primary wave. Resonant interactions with a~y =334 (or 443) cannot occur, because the 

sum of two positive (negative) frequencies cannot become negative (positive). 

The curves of the secondary wave vectors with maximum growth rates could not be 

discerned visually or numerically from the resonance curves. 

0.00010 

--333 
0.00008 

i 0.00006 --333 

,-... 
0.00004 ...... . 

rzl .._., -OJj 0.00002 
<-< 
'-" 

0 
~ 

0.00000 
-3 -2 -1 0 2 3 

klh lkh .... 

Figure 5.9 
The real part of the growth rate, Re(Ag), along the resonance curves. The primary wave 
and atmospheric background parameters are the same as in figure 5.8. 
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Figure 5.10 
The imaginary part of the growth rate (frequency modulation) along the resonance curves. 

The primary wave and atmospheric background parameters are the same as in figure 5.8. 

Figure 5.9 shows the real part of the complex growth rate A.g (5.7.41), which is the 
effective growth rate, and figure 5.10 shows the imaginary part of A.g, which is some kind 
of modulation frequency. 

Note that indeed the growth rate becomes constant as k1 approaches infinity ( a~y 
333), as was shown analytically in the previous section. Also note that that the real part of 
the growth rate for interactions with a~y = 433 and a~y;:: 343 can become as large as 
about half the maximum growth rate for interactions with a~y 333. In the short 
wavelength approximation it was found that in these cases the growth rate is purely 
imaginary (no growth), because ab (5.7.59) is always negative. This is probably the reason 
why Dong and Yeh (1988) did not pay much attention to these interactions. The short 
wavelength approximation (5.7 .49) for the eigenvectors of the secondary gravity waves is 
no more valid for resonant interactions with a~y 433 and apy 343. Instead the full 
eigenvectors (5.7 .20) have to be used, which leads to complex values for A. g. We conclude 
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Figure 5.11 
The periods T1 (a) and T2 (b) of the secondary gravity waves along the resonance curves. 

The dashed lines indicate the period of the primary wave (±T=±26 min) and the Brunt

Viiisiilii. period (Tg=l2 min). The primary wave and atmospheric background parameters 
are the same as in figure 5.8. 
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Figure 5.12 
The zenith angles, 81 (a) and 82 (b), of the wave vectors of the secondary gravity waves. 

The dashed lines indicate the some relevant values related to the zenith angle of the wave 
vector of the primary wave, 8=32° (see text). The primary wave and atmospheric 
background parameters are the same as in figure 5.8. 
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Figure 5.13 
The horizontal phase velocities, A1iT1 (a) and J..2hiT2 (b), of the secondary gravity waves. 
The primary wave and atmospheric background parameters are the same as in figure 5.8. 
The dashed line indicates the horizontal phase velocity of the primary wave (320 mls). 
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that such 433- and 343-type interactions can also play an important role in the generation of 

secondary gravity waves. 
The imaginary part of the growth rate is always smaller than 10-4 Hz, which 

implies that the period of the modulation associated with it is always larger than about 17 h. 

So this is a rather slow modulation. 
Figure 5.11 shows the periods of the secondary gravity waves. For the 333-type 

resonant interactions the periods of the secondary gravity waves are always larger than that 
of the primary gravity wave, as was also found in the previous section. For the 434- and 
343-type interactions one of the secondary gravity waves has a period smaller than that of 
the primary gravity wave and larger than the Brunt-Vaisala period, while the other has a 

period larger than the period of the primary gravity wave. Hence, such nonlinear generation 

of secondary gravity waves might explain the large frequency of occurrence of MSTIDs 

with periods close to the Brunt-Vaisala period observed with the WSRT (see chapter 3). 

The zenith angles of the wave vectors of the secondary gravity waves, which are 

shown in figure 5.12, exhibit similar behaviour. This is not surprising since short period 
gravity waves are expected to have wave vectors close to the horizontal, while large period 
gravity waves are expected to have wave vectors close to the vertical (section 1.2). Indeed, 
the secondary waves with periods shorter than that of the primary wave have wave vectors 
closer to the horizontal than the wave vector of the primary wave. The opposite is true for 

the secondary waves that have periods larger than that of the primary wave. 
Figure 5.13 shows the "horizontal phase velocities", AJf. of the excited secondary 

gravity waves. We consider this quantity rather than the horizontal component of the phase 

velocity, because it is directly related to the observable quantities A.h and T, and because it 
is conserved if the gravity waves are propagating upward in the atmosphere with its almost 

horizontal background wind. 
Figure 5.13 shows that the secondary gravity waves can have horizontal phase 

velocities that are larger than that of the primary gravity wave. We conclude that the 
interaction described in this section may be important to establish a relationship between the 

gravity waves with small horizontal phase velocities that are excited in the lower 

atmosphere, and the MSTIDs with larger horizontal phase velocities that are observed in the 

ionosphere. 
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5.8 Conclusions 

In this chapter we have tried to assess the importance of various sources of MSTIDs. 
Excitation by the solar terminator (section 5.3) cannot explain the daily variation in 

the frequency of occurrence and the amplitude of MSTIDs and the average, almost 
southward direction of the phase velocity. It can therefore not be the dominant source. 
Auroral sources (section 5.4) can generate gravity waves with the characteristics of 
MSTIDs, but these waves are subject to severe dissipation as they propagate to mid
latitudes, so they probably have too small amplitudes to be observable. Besides, the daily 
variations in the frequency of occurrence and the amplitude of MSTIDs seem inconsistent 
with auroral excitation as the dominant source. Gravity waves excited in the lower and the 
middle atmosphere by wind shears or jet streams (section 5.5), or by orography (section 
5.6), all have horizontal phase velocities that are smaller than those associated with 
MSTIDs. 

This leaves us with the unresolved problem as to what the sources can be. In 
section 5.7 we have studied excitation of secondary gravity waves by a large amplitude 
gravity wave or tide. Following a theoretical approach developed by Dong and Yeh (1988), 
it was found that secondary waves with a smaller period and a larger horizontal phase 
velocity than the primary gravity wave can be generated this way. The primary gravity 
wave can be imagined to have been generated in the lower or middle atmosphere, or it can 
be a tide or a large scale gravity wave (LSTID). 

The MSTIDs observed by radio interferometry were observed to have periods close 
to the Brunt-Vais~ila period. In section 5.2 it was shown that they cannot be interpreted as 
infrasound, because mode conversion cannot occur for realistic profiles of upper 
atmospheric temperature. Instead, part of them may be due to evanescent gravity waves. 
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Outlook 

This section will briefly review some of the points made in this thesis and give directions 
for future research. 

The question of what is the most important excitation mechanism for the acoustic
gravity waves associated with medium scale travelling ionospheric disturbances (MSTIDs) 
has been investigated for almost four decades now. We have not been able to resolve this 
question definitely, but we have given arguments for the exclusion of some of the possible 
sources and we have elucidated the biases of two observational techniques, radio 
interferometry and the differential Doppler technique. 

On the basis of the climatology that was derived from 5500 radio interferometric 

observations we were able to give arguments for the exclusion of the solar terminator and 
auroral electrojet activity as the dominant source. Lower atmospheric sources such as jet 
streams, shears, fronts and orography cannot directly generate acoustic-gravity waves with 
sufficiently large horizontal phase velocities. This led us to suggest that nonlinear 
interaction amongst lower atmospheric gravity waves or tides or amongst aurorally excited 
large scale gravity waves may be responsible for the growth of the waves associated with 
MSTIDs (section 5.7). Detailed and highly resolved observations will be necessary to 
confirm that the process of nonlinear excitation indeed plays a role. Such observations can 
perhaps be made with the incoherent scatter radar technique, which has now evolved to 
such an extent that observations with small time and spatial resolution become feasible. The 
simple theory of weakly nonlinear interaction, described in section 5.7, does not take into 
account the background wind. It would be interesting to study how the interaction is 
modified near a critical level of the primary wave, where its amplitude becomes large, to 
see whether the growth rate of secondary waves does become large as well. 

The climatological analysis in chapter 3 has shown that the neutral wind in the 

upper atmosphere significantly affects the observed characteristics of MSTIDs, such as the 
apparent period. Independent observations of the neutral wind and MSTIDs may be useful 
in assessing the importance of processes like critical coupling. 

The climatological analysis has also shown that there is a problem in relating the 
climatology of the disturbances in the electron content to the climatology of the 
corresponding acoustic-gravity waves. The daily and solar cycle variations of the mean 
amplitude and the frequency of occurrence of the ionospheric disturbances are partly due to 
variations in the electron density. In previous climatological analyses not much attention 
has been paid to the point that the variations in the electron (tracer) density obscure the 
variations in the amplitude of acoustic-gravity waves. A related problem is that the height 
of maximum wave amplitude usually is not known. It is expected to be considerably lower 
than the height of the maximum in electron density in the F2-layer, both on theoretical and 

experimental grounds (section 4.4). These problems may be resolved by observing other 
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quantities than the total electron content or the electron density. With incoherent scatter 

radar it is possible to observe the wind. Such gravity wave observations are now being 
undertaken with EISCA T. 

Most techniques for the observation of MSTIDs integrate along the line-of-sight in 

one way or another. It has been shown in chapter 3 that this introduces observational 

biases: the daily variation, of the mean period for different directions of the line-of-sight is 

different. The angle betw.een the line-of-sight and the wave vector affects the integrated 

response (the amplitude of the TID). Therefore, it is necessary to have data with sufficient 
spread in the directions of the line-of-sight in climatological analyses. Another consequence 

of the effect of the line-of-sight upon the response in total electron content was discussed in 
section 4.4, where it was argued that the use of several instruments with widely differing 
lines-of-sight does not give a trustworthy value for the azimuth of a TID. 

As we have seen above, quite some problems are encountered in assessing the 

importance of various sources of MSTills by means of a climatological analysis. One of 
the reasons for doing it by a climatological analysis is that reverse ray tracing of AGWs in 

the upper atmosphere back to their possible sources lower in the atmosphere is difficult, 

because the wind is not known accurately enough at all altitudes. It must be noted here that 
coordinated observations with different instruments, each observing a different altitude 

range with sufficient accuracy to make reverse ray tracing possible, are not impossible, 

although they are expensive and elaborate. 
The observational campaign described in chapter 4 has shown that it is possible to 

find TID azimuths with the help of a network of receivers observing the differential 

Doppler shift of the signals of polar orbiting satellites. One of the features of this technique 
is that TIDs are observed over a range of latitudes: Tills are observed as a function of 

latitude rather than time. For some years now, there is an international effort, the 

Worldwide Acoustic-Gravity Wave Study (WAGS), to observe large scale TIDs 
propagating from the auroral source region towards mid-latitudes. Up till now only 

instruments that observe Tills as a function of time at a fixed position in space, such as 

ionosondes, radar, magnetometers, and riometers, have been operating during WAGS

campaigns. Therefore, it has always been difficult to link waves observed by the different 

instruments to the same large scale TID (this was done by comparing the observed 

periods). The differential Doppler technique applied to signals of polar orbiting satellites 
can make the identification more straightforward, and it is complementary to the other 
techniques in the sense that it observes the spatial wave pattern. It would therefore be 

useful to make such observations during future WAGS-campaigns. 
Satellite observations of plasmaspheric fluxes in combination with night-time 

differential Doppler shift observations may reveal the cause of the night-time stationary 

structures discussed in section 4.3. It may also throw some light upon the processes that 

are responsible for the maintenance of the mid-latitude F-layer and the equatorward wall of 

the mid-latitude trough. 
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Glossary of sym bois 

[Values of fundamental constants are quoted from: Cohen E.R. and Giacomo P. 

(1987), Symbols, units, nomenclature and fundamental constants in physics, 
International Union of Pure and Applied Physics document 25, SUNAMCO 87 ~ 1 J 

Latin symbols 

A SxS matrix giving the polarization relations between AGW -modes 

A(k,ro) spectral amplitude of AGWs 

A'(k,ro) spectral amplitude of observed Tills 

AF:'N amplitude of fluctuations in the east-west gradient of the total 

electron content 

ionospheric absorption over a ray path 

unit 

s -1 

m-3Hz-1 

m-3Hz-1 

(absolute) perturbation of vertical total electron content (due to Tills) 

ftltered (absolute) perturbation of vertical total electron content 

(due to Tills) 

amplitude of an eigenmode (a= 0, 1, 2, 3, or 4) 

amplitude of fluctuations in the radio interferometer phase 

azimuth (expressed in degrees east from north) 

m-2 

kg 1/2/(m 112s) 

rad 
0 

azimuth of the wave vector k of AGWs 0 

Azko azimuth of the wave vector k of the AGW with vanishing TEC response 0 

azimuth of the line-of-sight at the observer 

azimuth of the line-of~sight at the reference level 

azimuth of a TID 

0 

0 

0 

vector constants for integration m, ~ 

mean semi-major axis of the orbital ellipse of a satellite m 

geomagnetic field vector kg/(sC)=T=l04G=I09y 
unit vector in the direction of the geomagnetic field 

C0 constant used in the evaluation of the total electron content from the 

differential Doppler phase [for NNSS 1.6135 .. xlo-15 rad m2
] 

Ce constant factor in the refractive index [ 40.308 .. m3Hz2] 

ch multiplicative function for the heating term in the wave equation 
c(I ,Z) cross correlation function 

ch·2)* normalized cross correlation function 
J 

cr geometrical prefactor in the expansion of the latitude of points 

along the line~of-sight at a reference level 

rad m2 

m3Hz2 

s3/m4 

page 

202 

73 

73 

89 

33 
59 

60 
206 

89 

37 

64 

65 
37 
56 

61 
76 
47 
21 
21 

45 

31 
185 
60 

60 

56 
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CRI constant for the conversion of the amplitude of radio 

interferometer phase fluctuations into TID amplitude 

c<a) normalization factor of a 5-dimensional eigenvector 

c·(a) normalization factor of a modified 5-dimensional eigenvector 

c velocity of light [2.998 .. xl08 m/s] 

ck coefficients in the expansion of the eccentric anomaly (k=l,2 ... ) 
c~n) coefficients in the expansion of cos-1(Z) 

c5 velocity of sound [in the atmosphere: 300-900 m/s) 

D(k,ro) function describing the dispersion of AGWs 

0 1 ( ro) auxiliary function for describing the dispersion of AGW s 

D2(ro) auxiliary function for describing the dispersion of AGWs 

Db declination (azimuth) of the geomagnetic field 

thickness of a rescaled standard vertical electron density profile 

m/s 
0 

0 

90 

205 

211 

35 
47 

55 

7 
184 

185 

185 

63 

81 
Dayinj sequential number of day of the last injection of satellite orbital data 47 
ds path length element along the ray m 28 

ds0 path length element along the unperturbed ray (without refraction) m 28 

E electric field vector V/m=kg m/(s2C) 197 

By auxiliary function for evaluating the response to heating by a line source m-2 186 

e elementary (electron) charge [1.602 .. xl0-19 C) C 21 

ek>eOk•eG>k unit vectors in spherical coordinates in wave number space 211 
e5 eccentricity of the orbital ellipse of a satellite 47 

ex,ey,ez eastward, northward and upward unit vector 63 

ee·k unit vector related to eek and the Coriolis force 212 
F( .. ) modified Fourier transform operator for electron density profiles m 64 
f external force per unit mass ("external acceleration") m/s2 10 

f frequency (ro/21t); for fcc.fP' etc., see the definitions following "ro" Hz 31 

f L Lorentz force per unit mass m/s2 197 

f0 critical frequency of the ordinary component in a layer (e.g., f0 Fv Hz 31 

f5 fundamental frequency of a set of frequencies Hz 44 
critical frequency of the extraordinary component in a layer (e.g., fxF2) Hz 

(relative) horizontal gradient in the electron number density m - 1 

GAST Greenwich apparent sidereal time (an angle) 0 

g acceleration of gravity 

32 

66 

47 

7 

gT auxiliary function describing the spatial shape of the solar terminator 185 

H scale height of the neutral atmosphere m 10 
H 1 ,H2 components of the 5-dimensional vector h kg112/(m112s) 202 

He scale height of the background electron density m 22 

h 3-dimensional vector that is a part of the 5-dim. vector h kg112/(m112s) 202 
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h 

K-1 

5-dimensional vector of thermodynamic fields 

height of the maximum electron density in a layer (e.g., hmF2) 

5-dimensional normalized eigenvector 

inclination of the geomagnetic field 
inclination of the orbital plane of a satellite 

k-th order Bessel function of the first kind (k=O, 1...) 

current density 
constants in the real part of the tropospheric refractive 
index (i=1, 2, or 3) 

0 

0 

Crn!(kg s) 

202 

32 
204 

63 
47 
47 

197 

27 

k wave vector rad/m 12 

kh horizontal component of the wave vector k rad/m 12 

kx,ky,kz eastward, northward, and upward component of the wave vector rad/m 12 

L geomagnetic "L-shell" coordinate 

Lo 

Le 

Lop 
Lm 

LRI 
I 
M(k,l) 

M(n) 

m 

optical path length in the absence of refraction, i.e., geometrical distance m 
loss rate of electrons by recombination m-3s-1 

optical path length m 

length scale of mountains m 
baseline length of radio interferometer m 

unit vector in the direction of the baseline of a radio interferometer 
generalized moments of the electron density with respect to height m - 2rad-1 

moments of the (rescaled) electron density with respect to height 

Mach number 

150 

44 

21 

44 

196 
35 
35 

58 
55 

187 

m0 ratio between Ta and Tg 187 
m1 ,m2 integer numbers, ratios of radio frequencies to a fundamental frequency 45 

fie electron mass [9.109 .. x10-31kg] kg 21 

mg ratio between T and T g 187 
N nonlinear term (5-dimensional vector) in a wave equation kg/(m2s2) 202 
Ne electron (number) density m-3 21 

Neo background electron density m-3 21 
Nm maximum electron density in a layer (e.g., NmFz) m-3 32 
N(n) coefficients in the latitudinal expansion of the electron density m-3(radrn 57 

n real part of refractive index 27 

n 1 ,n2 .. coefficients in the expansion of the real part of the refractive index 

in powers of a small parameter e 76 
ne perturbation of the electron number density m-3 21 

nion real part of the ionospheric refractive index 

ntrop real part of the tropospheric refractive index 
p pressure or pressure perturbation 

31 

27 

10 
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Po pressure of the background atmosphere kgl(ms2) 7 

Pd partial pressure of the dry gases in the atmosphere kgl(ms2) 27 

Pw partial pressure of water vapour kgl(ms2) 27 
Q ratio between the effective collision frequency of electrons 

and neutrals, v en• and the frequency 30 
q energy input per unit mass and per unit time m2/s3 10 
qe production rate of electrons m-3s-1 21 
qJ energy input per unit mass and per unit time by Joule heating m2/s3 197 
qL energy input per unit mass and per unit time by a line source m2/s3 185 
qT energy input per unit mass and per unit time by the solar terminator m2/s3 185 
Ro factor in the TEC response to AGW s m-1 63 
Rl factor in the TEC response to AGWs due to a horiwntal TEC gradient m-• 67 
Ri Richardson number 191 
Rj relative perturbation of the vertical total electron content (due to Tills) 59 
R'i! 

J 
filtered relative perturbation of the vertical total electron content 

(due to TIDs) 59 
Ru ratio of the Lorentz and Joule heating terms in the wave equation 197 
Rx, Ry factors in the TEC response to AGWs due to an eastward, respectively 

m-1 northward TEC gradient 63 
r position vector m 35 
r 0 , r 1 .. vector coefficients in the expansion of the ray r(s) m 76 
ro position vector of the observer m 35 
r geocentric distance, radial coordinate m 35 
re mean radius of the earth (6,371,030 m) m 36 
rion mean radius of the ionosphere (re +<z>) m 36 
rL geocentric distance to the reference level chosen by Leitinger et al. (1978) m 55 
rm geocentric distance to the level of the maximum in the electron density 

(in the Fz-layer) m 55 
rr geocentric distance to the reference level m 54 
rs geocentric distance of a satellite m 49 
s slant total electron content m-2 45 
S' perturbation of the slant total electron content (e.g., that due to Tills) m-2 63 

time s 8 
tinj time of the last injection of satellite orbital data min 47 
lp time of the satellite perigee min 46 
T period (2n/ro) s 13 
T temperature K 27 
Ta isothermal acoustic cut-off period (21tlroa) s 11 
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TB non-isothermal Brunt-Vaisala or buoyancy period (2n:/ffis) s 8 

Tg isothermal Brunt-VaisiHa or buoyancy period (2n:/rog) s 9 

UT velocity of the solar terminator rn/s 185 

u velocity or wind vector, u=(u,v,w) rn/s 10 

u eastward component of the velocity, u rn/s 11 

De velocity of the electrons rn/s 21 

Dgeo (horizontal) geostrophic wind rn/s 192 

Un velocity of the neutral particles rn/s 21 

v vertical total electron content m-2 46 
y(n) 

0 n-th order latitudinal derivative of vertical total electron content m-2/(rad)n 52 

Va~ nonlinear interaction coefficient ml/2/kgl/2 206 

v northward component of the velocity, u rn/s 11 

Vg group velocity rn/s 16 

Vion velocity of the line-of-sight at the mean ionosphere height rn/s 41 

vP phase velocity rn/s 16 
w<k.I) coefficients in the expansion of slant total electron content (rad)1 58 

Wa~ nonlinear interaction coefficient m l/2s/kgl/2 206 

w upward component of the velocity, u rn/s 11 

X square of the ratio between the plasma frequency and the frequency 30 

X eastward cartesian coordinate m 63 
y ratio between the electron gyrofrequency and the frequency 30 

y northward cartesian coordinate m 63 

Yion auxiliary angle for the evaluation of the point along the ray 

at the mean ionosphere height, <z> 0 37 

Ys auxiliary angle for the evaluation of the satellite position 0 49 

z zenith angle 0 35 

Zct compressibility factor for dry air 27 

Zion zenith angle of the line-of-sight at the mean ionosphere height, <z> 0 35 

zk zenith angle of the wave vector, k, of AGWs 0 64 

zo zenith angle of the line-of-sight at the observer 0 36 

'4 zenith angle of the line-of-sight at the reference level 0 54 

Zw compressibility factor for water vapour 27 

z upward cartesian coordinate m 7 

z,. height of the reference level m 54 

<z> mean ionosphere height m 54 
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Greek symbols unit page 

a auxiliary variable for integration m 74 

ae eccentric anomaly 0 46 

a ion imaginary part of the ionospheric refraction index, the absorption 

coefficient 31 

Urn mean anomaly 0 46 

aP argument of the satellite perigee 0 47 

a; precession rate of the satellite perigee 0/min 47 

at true anomaly 0 48 

p geographical latitude 0 36 
p* geomagnetic latitude (from a simple dipole model) 0 83 

Pion geographical latitude of the ionospheric point along the line-of-sight 0 38 

Po geographical latitude of the observer 0 36 

Pr geographical latitude of the point along the line-of-sight at the 

reference level 0 56 
p}n) coefficients in the expansion of the geographical latitude of the 

point along the line-of-sight at the reference level 0 57 

Ps geographical latitude of the satellite 0 49 

l>r mean geographical latitude of a wave pattern 0 61 

r gamma function 81 

'Y the ratio of heat capacities at constant pressure and constant volume 9 

'Ye Euler's constant [0.5772 .. ] 82 

.1.H variation of the horizontal component of the geomagnetic field 'Y 92 

.1.Ltrop tropospheric path length (range) error m 28 

.1.a auxiliary angle for the evaluation of the satellite position 0 49 

L1P geographical latitude difference between a point and the observer 0 57 

L1Pr latitudinal delay of a wave pattern from one ionospheric trace to another 0 61 

.1.A.r mean longitudinal distance between two ionospheric traces 0 61 

6.<)> differential Doppler phase rad 45 

L1<!>o initial value of the differential Doppler phase rad 45 

L1<1>ion phase difference observed by a radio interferometer due to 

ionospheric refraction rad 35 

.1.<)>j differential Doppler phase at instant j during a satellite pass rad 52 

0 declination 0 36 

£ small parameter in the expansion of the electron density around a 

reference height, HJrr (only in section 2.3.5 and appendix 2.C) 54 
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e small parameter in the expansion of the refractive index (only in 

appendix 2.A) 76 
eo permittivity of vacuum [8.854 .. X 10"12 C2s2/(m3kg)} C2s2/(m3kg) 30 
ej error in the evaluated total electron content at instant j during a 

satellite pass m-2 52 

~ rescaled vertical coordinate (scaling with respect to the vertical scale 

height of the electron density) 54 

Tl argument of the Fourier transform of an electron density profile m-1 64 
Tl' rescaled version ofYJ (scaling with respect to the vertical scale 

height of the electron density) 80 
8 or ek angle between the wave vector and the venical axis (only in section 5.7) 0 211 
en right ascension of the ascending node of a satellite orbit 0 47 
e· n precession rate of the ascending node of a satellite orbit 0/min 47 
K angle between the direction of the geomagnetic field and the wave vector 0 30 
A invariant (geomagnetic) latitude 0 150 
f.. wavelength (21t/k) m 13 

geographical longitude (usually with a subscript) 0 38 
/..* geomagnetic longitude (from a simple dipole model) 0 83 
f..g growth rate of secondary waves s -1 210 
/..h horizontal wavelength (21t/kh) m 13 

A ion geographical longitude of the ionospheric point 0 38 
Ao geographical longitude of the observer 0 36 
As geographical longitude of the satellite 0 49 

~ion complex refractive index in the ionosphere 30 
Yen effective collision frequency between electrons and neutral particles 21 
1t mathematical constant [3.1416 .. ] rad 31 
p mass density or its penurbation kg/m3 7 

Po mass density of the background atmosphere kg/m3 7 
cro parallel conductivity C2s/kg2 197 
crc Cowling conductivity C2s/kg2 197 
crH Hall conductivity C2s/kg2 197 
C5p Pedersen conductivity C2s/kg2 197 
t hour angle 0 36 
<I>g angle between the group velocity and the horizontal plane 0 14 
<I>p angle between the phase velocity and the horizontal plane 0 13 
<jl phase of a radio signal rad 44 

<jl or <l>k angle between the horizontal component of a wave vector (its 

projection upon the kx,ky-plane) and the kx-axis (only in section 5.7) 0 211 
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<Ill· <ll2 phases of the NNSS radio signals at the frequencies f1 and f2 rad 45 

<Ilion part of the phase of a radio signal that is due to ionospheric refraction 0 35 

<lls phase of a radio signal at the time and place of satellite transmission rad 44 

X(Z) normalized vertical electron density distribution m-1 66 

X'(~) rescaled normalized vertical electron density distribution 80 
lf' auxiliary function for the evaluation of 'lf m-2 184 

'l' hydrodynamic field proportional to the pressure 11 

'l' logarithmic derivative of the gamma function (only in appendix 2.C) 81 
(J) (angular) frequency rad/s 8 

(J)3 frequency offset from resonance rad/s 207 

(J)a acoustic cut-off frequency in the isothermal approximation rad/s 11 

(J)B Brunt-VaislHa or buoyancy frequency rad/s 8 

(J)cc gyrofrequency of the electrons rad/s 21 

ffici gyro frequency of the ions rad/s 198 

(J)c rate of rotation of the earth [7 .2921 .. x 1 o-5 rad/s] rad/s 49 

(J)g Brunt-Vaisalii frequency in an isothermal atmosphere rad/s 9 

(J)p plasma frequency rad/s 30 

(J)s mean angular velocity of a satellite rad/s 46 
(J)(a) eigenfrequency (a=O, 1, 2, 3, 4 for the eigenmodes) rad/s 204 
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AE 
AE-E 
AGW 

AL 

AU 

EISCAT 

EUV 

IMP 

LSTID 

LT 
MSTID 

NNSS 

PCA 

RH 

SSTID 

TEC 

TID 

UT 

WAGS 

WSRT 

List of abbreviations 

Auroral Electrojet 

Atmospheric Explorer satellite (the last "E" is an identification number) 

Acoustic-Gravity Wave 

Lower envelope of variations in the geomagnetic field for stations in the auroral 

region (section 3.4.5) 

Upper envelope of variations in the geomagnetic field for stations in the auroral 

region (section 3.4.5) 

European Incoherent Scatter Radar 

Extreme Ultra-Violet (17 -17 5 nm) 

Interplanetary Magnetic Field 

Large Scale Travelling Ionospheric Disturbance 

Local Time 

Medium Scale Tmvelling Ionospheric Disturbance 

Navy Navigation Satellite System (also known as the Transit Satellite System) 

Point of Closest Approach (of a satellite) 

Radio Heliograph (Nanr.;ay) 

Small Scale Travelling Ionospheric Disturbance 

Total Electron Content 

Travelling Ionospheric Disturbance 

Universal Time 

Worldwide Acoustic-Gravity wave Study 

Westerbork Synthesis Radio Telescope 
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Samenvatting 

Een deel van de onregelmatigheden in de elektronendichtheid van de ionosfeer wordt 
veroorzaakt door akoestische zwaanegolven. Akoestische zwaanegolven zijn periodieke 
variaties in de thermodynamische grootheden van het gas in de atmosfeer, zoals de druk, de 
dichtheid en de temperatuur, waarbij als terugdrijvende krachten zowel de zwaartekracht als 
drukverschillen een rol spelen. In dit proefschrift worden niet de grootschalige golven 
bekeken, welke in het aurorale gebied opgewekt worden, maar golven van middelgrote 
schaal (medium scale). De voortplanting van radiosignalen door de ionosfeer wordt 
belnvloed door de onregelmatigheden in de elektronendichtheid die door de golven 
veroorzaakt worden. De brekingsindex voor radiostraling in de ionosfeer hangt namelijk af 
van de elektronendichtheid. In dit proefschrift worden weglengtevariaties van radiostraling 

van kosmische bronnen en van satellietsignalen geanalyseerd. 
In hoofdstuk 1 wordt eerst een korte beschrijving van de hogere atmosfeer 

gegeven. De basiseigenschappen van akoestische zwaanegolven worden afgeleid en er 

worden voorbeelden gegeven die karakteristiek zijn voor de ionosfeer. Ten slotte wordt de 
classificatie van de golven naar schaalgrootte gegeven en wordt de relatie tussen de golven 
in de neutrale atmosfeer en de onregelmatigheden in de elektronendichtheid afgeleid. 

In hoofdstuk 2 wordt beschreven hoe radio-interferometrische waarnemingen of 
metingen van de differentiele Dopplerverschuiving van satellietsignalen gebruikt kunnen 
worden om de elektroneninhoud van de ionosfeer te bepalen. Voor de differentiele 
Dopplertechniek wordt beschreven hoe golfparameters bepaald kunnen worden met een 
netwerk van ontvangers. Ten slotte worden de observationele "biases" van de twee 
technieken besproken en wordt aangetoond dat, indien de ionosfeer beschouwd kan 

worden als een dunne schil, het spectrum als functie van het horizontale golfgetal van de 
akoestische zwaartegolven in de neutrale atmosfeer overeenkomt met dat van de 

onregelmatigheden in elektroneninhoud. 
In hoofdstuk 3 wordt een klimatologische analyse gegeven van akoestische 

zwaartegolven gebaseerd op 5500 radio-interferometrische ijkmetingen die tussen 1980 en 
1988 gedaan zijn met de Westerbork Synthese Radiotelescoop. Deze analyse geeft 
aanwijzingen voor het relatieve belang van de verschillende mogelijke bronnen van 
akoestische zwaartegolven van middelgrote schaal in de ionosfeer, en voor de rol die 
observationele "biases" spelen. 

Het blijkt dat de gemiddelde amplitude van de golven en de frequentie waarmee de 
golven voorkomen een sterk maximum vertonen rond het rniddaguur en een tweede, kleiner 
maximum vertonen gedurende de nacht. Dit geldt voor aile seizoenen behalve de zomer, 
wanneer er overdag zeer weinig golven worden waargenomen. De variatie overdag kan 
gedeeltelijk verklaard worden door de variatie van de elektronendichtheid in de ionosfeer 
onder invloed van de zon. Het nachtelijk maximum zou een echt maximum in de 
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golfactiviteit kunnen zijn. De dagelijkse gang is in strijd met de veronderstelling dat 
bronnen in het aurorale gebied of de terminator van de zon de voomaamste bron zijn van de 
waargenomen (niet grootschalige) golven. 

De gemiddelde periode van de golven vertoont een 24-uurlijkse variatie met een 
maximum rond het middaguur en een minimum tegen middernacht. Deze variatie kan 
verklaard worden door Dopplerverschuiving of filteren door de neutrale wind, welke op 

ionosfeerhoogte in 24 uur 360° ronddraait. Het effect van de neutrale wind op de golven, in 
samenhang met het feit dat de meetgevoeligheid afhangt van de hoek tussen de golfvector 
en de gezichtslijn, verklaart tevens de waargenomen verschillen tussen groepen 
waarnemingen met verschillende gezichtslijnen. De gemiddelde periode ligt dicht bij de 
Brunt-VaisaHi periode, wat zou kunnen impliceren dat sommige van de waargenomen 
golven gedempt zijn. 

Er zijn geen correlaties tussen de golfparameters en de aardmagnetische activiteit 
gevonden. Wel varieerden de waargenomen amplitudes in de loop van de zonnecyclus. Een 
maximum trad op tussen 1981 en het begin van 1984, ietwat later dan het maximum in de 
zonneactiviteit van 1980-1981. Waarschijnlijk is de variatie van de amplitudes een gevolg 

van de variatie van de elektronendichtheid in de loop van de zonnecyclus. 
In hoofdstuk 4 wordt de toepassing van de differentiele Dopplertechniek tijdens een 

meetcampagne van drie weken in November 1987 in Frankrijk beschreven. Hierbij waren 
drie satellietontvangers op afstanden van 109 en 285 km langs een oost-west-lijn geplaatst. 
Ter vergelijking werd gelijktijdig de richting van de golfvector met behulp van twee
dimensionale radio-interferometrie bepaald. De golfvectorrichtingen bepaald met de twee 

technieken zijn consistent, mits: 
aangenomen wordt dat de onregelmatigheden zich op een gemiddelde hoogte van 
ongeveer 250 km bevinden, ongeveer 100 km lager dan het maximum in de 
elektronendichtheid. Dit strookt met de verwachte demping van de golven door 
viscositeit en therrnische geleiding, welke in de ionosfeer toeneemt met de hoogte. 
de vergeleken golfvectorrichtingen voldoende gemiddeld zijn over ruimte en tijd, 
om de spreiding in de aldus gevonden waarden, ten gevolge van de sterke dispersie 
van de golven en de verschillen tussen de gezichtslijnen van de waarnemers, te 
beperken. 

Het spectrum als functie van de horizontale golflengte blijkt hetzelfde universele 
gedrag te vertonen als de spectra die door andere onderzoekers lager in de atmosfeer zijn 
waargenomen. 

Een verrassing is dat 's nachts, behalve zich voortplantende onregelmatigheden, 

ook quasistationaire, oost-west-georienteerde richels in de elektroneninhoud aangetroffen 
werden rond 45 graden noorderbreedte. Een verklaring voor het ontstaan van deze richels 
moet wellicht gezocht worden in het neerwaarts transport van plasma langs de 
aardmagnetische veldlijnen. 
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In hoofdstuk 5 worden de verschillende mogelijke bronnen van akoestische 
zwaartegolven van middelgrote schaal bediscussieerd. Op grond van de klimatologische 
analyse uit hoofdstuk 3 kunnen noch aurorale bronnen noch de terminator van de zon de 
belangrijkste bron van de golven zijn. Gezien de grote horizontale fasenelheden kunnen de 
golven ook niet rechtstreeks opgewekt zijn in de troposfeer of de middenatmosfeer. In bet 
laatse deel van hoofdstuk 5 wordt dan aangetoond dat een zwaartegolf met grote amplitude 
twee sekundaire zwaartegolven met een grotere horizontale fasesnelheid kan opwekken 
door zwakke niet-lineaire wisselwerking. 

Een deel van de inhoud van hoofdstuk 3 is aangeboden ter publikatie aan Adv. 
Space Res. als: Van Velthoven P.F.J. en Spoelstra T.A.Th. (1990), Climatology of 

medium scale travelling ionospheric disturbances from radio interferometric observations. 

De inhoud van paragraaf 4.4 is publiceerd als: Van Velthoven P.F.J., Mercier C. en 
Kelder H. (1990), Simultaneous observations of travelling ionospheric disturbances by 

two-dimensional radio interferometry and the differential Doppler technique applied to 

satellite signals, J.Atmos.Terr.Phys. 52, 305-312. 

De inhoud van de paragrafen 4.3-5 is gepresenteerd op het International Beacon 
Satellite Symposium te Tucuman in Argentinie in 1990, en zal in het verslag van die 
conferentie gepubliceeerd worden als: Van Velthoven P.F.J. en Kelder H. (1990), 
Differential Doppler shift observations of ionospheric irregularities. 

De analyse in paragraaf 2.4 van de observationele "biases" van de differentiele 
Dopplertechniek voor de waarneming van zwaartegolven zal aangeboden worden ter 
publikatie als onderdeel van een case study door: Leitinger R., Van Velthoven P.F.J. en 
Putz E. 
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STELLING EN 

behorende bij het proefschrift van 

P .F.J. van Velthoven 

Eindhoven, 30 november 1990 



I 

Bij de bepaling van de periode of de voortplantingssnelheid van golven in de ionosfeer aan de 

hand van waamemingen op het aardoppervlak van kosmische radiobronnen kan de snelheid van 

de gezichtslijn in de ionosfeer niet altijd verwaarloosd worden. 

[Hoofdstuk 2 van dit proefschrift] 

II 

De coherentie van zich voortplantende ionosferische onregelmatigheden van middelgrote schaal 

(MSTIDs) heeft in aile horizon tale richtingen ongeveer dezelfde grootte. Dit betekent dat men ze 
veeleer als zich voortplantende pieken dan als zich voortplantende vlakke golven dient te 

beschouwen. 

[Hoofdstuk 4 van dit proefschrift] 

III 

De methode van het verbinden van paren gelijkvormige pieken in de meetseries van een 

ionosferische grootheid die op verschillende plaatsen verzameld zijn, welke in het verleden vaak 
gebruik:t is om de richting van de horizont;lle fasesnelheid van zwaartegolven te bepalen,leidt tot 
aanzienlijk grotere meetfouten dan k:ruiscorrelatie van de twee meetseries. 

[Hoofdstuk 4 van dit proefschrift} 

IV 

Nauwkeurige bepaling van de totale elektroneninhoud van de ionosfeer uit metingen van de 
differentiele Dopplerverschuiving van de fase van het radiosignaal van satellieten van het Navy 

Navigation Satellite System (NNSS) is aileen mogelijk indien men beschikt over minimaal twee 

ontvangers op verschillende geografische breedtes. 

[Hoofdstuk 4 van dit proefschrift} 



v 

De waameming van Vincent en Fritts, dat de amplitude van zwaartegolven in de mesosfeer in de 
winter op het zuidelijk halfrond een breed maximum vertoont dat dichter bij Augustus ligt dan bij 
Juni, kan op grond van hun waamemingen van de achtergrondwind verklaard worden. De door 
hen waargenomen zonale wind heeft namelijk in de zomer niet een maximum maar twee maxima: 
een eerste op 65 km hoogte in Juni en een tweede op 75 km in Augustus. 

[Vincent RA. en Fritts D.C. (1986), A climatology of gravity wave motions in the 
meso pause region at Adelaide, Australia, J Atmos.Sci. 44, 748-760; figuur 1 a) 

VI 

Bij de afleiding van de differentiaalvergelijking die de verandering van de amplitude van een 
akoestische zwaartegolf ten gevolge van de wisselwerking met twee sekundaire golven beschrijft, 
zijn de afgeleiden naar de tijd van de amplitudes van de sekundaire golven in de niet-lineaire term 
weggelaten door Dong en Yeh. 

[Dong D. en Yeh K.C. (1988), Resonant and nonresonant wave-wave interactions in an 
isothermal atmosphere, J.Geophys.Res. 93, 3729-3744; hun vergelijkingen (8) en (32)) 

VII 

De door Labitzke en Van Loon gevonden correlatie tussen de temperatuur in de stratosfeer en de 
zonnecyclus is waarschijnlijk een artefact: een stroboscopische effect veroorzaakt door "aliasing" 
en de quasi-biennale oscillatie. 

[Labitzke K. en Van Loon H. (1988), Associations between the 11-year solar cycle, the 
Q.B.O. and the atmosphere, Part I: The troposphere and stratosphere in the northern 
hemisphere in winter, JAtmos.Terr.Phys. 50, 197-206; 
Teitelbaum H. en Bauer P.(l989), Stratospheric temperature eleven years variations: solar 
cycle influence or stroboscopic effect?, Ann.Geophys. 8, 239-242) 

VIII 

De getijdecomponenten die berekend zijn door Canziani et al. (1987) uit waamemingen van de 
maximale elektronendichtheid in de ionosfeer, NmF2, bevatten niet aileen een bijdrage van de 
getijden in de temperatuur die opgewekt worden in de middenatmosfeer, maar ook een bijdrage 
van de getijden die veroorzaakt worden de absorptie van ultraviolette stealing in de thermosfeer. 

[Canziani P.O., Marinaro S. en Giraldez A.E. (1987), On the tidal behaviour of N mF2, 

Ann. Geophys. 5A, 281-288) 



IX 

Het is geenszins aangetoond dat een verdubbeling van de hoeveelheid kooldioxyde (C02) in de 

atmosfeer leidt tot een verhoging van de gerniddelde temperatuur op aarde van enkele graden door 
het broeikaseffect. Daarom kunnen er vraagtekens gezet worden bij het nuttig effect van de 
maatregelen ter beperking van de kooldioxydeuitstoot die opgenomen zijn in het Nationaal 

Milieubeleidsplan, het NMP. 

[Lindzen R.S. (1990), Some coolness concerning global warming, Bull.Am.Met.Soc. 71, 

288-299; 
Nationaa/Milieubeleidsplan (1989), SDU uitgeverij, 's Gravenhage] 

X 

In de literatuur over waarnemingen van zwaartegolven in de ionosfeer is de precieze betekenis van 

de termen die gebruikt worden om de horizontale component van de groepssnelheid of de 
horizontale fasesnelheid (de horizontale golflengte gedeeld door de periode) aan te duiden, vaak 
slechts uit de context van het experiment op te maken. 

XI 

Voor dronkemanswandelingen (random walks) op een d-dimensionale kubisch rooster, waarbij 
aan de geleiding van elke verbinding tussen een paar roosterpunten volgens een toevalsproces een 
van twee mogelijke waarden is toegekend, geldt dat de kans op terugkeer in het beginpunt, Po(t), 
na lange tijd t slechts afhangt van de diffusiecoefficient van het wanordelijke rooster, D: 

Po(t) = (41tDt)-d!2 voor t-?oo. 

[Ernst MJI. en Van Veltlwven P.FJ. (1986), Random walks on cubic lattices with bond 
disorder, J.Stat.Phys. 45, 1001-1030] 

XII 

Voor een Sinterklaasfeest met oneindig veel deelnemers moet de procedure van het trekken van 
lootjes, om te bepalen voor wie elke deelnemer een surprise maakt, gemiddeld e maal herhaald 
worden (aannemende dater opnieuw geloot moet worden a1s iemand zichzelf trekt). 

XIII 

In de huidige wetenschappelijke praktijk blijkt de animo om tijdreeksen van metingen van 
ionosferische grootheden te continueren soms omgekeerd evenredig te zijn met hun lengte. 


