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Abstract

Observations by ihc H1SCAT incoherent scatter radar (69.6° N, 19.2° E, L=6.2) are
used to study the dynamics of the auroral upper atmosphere. The study describes
some effects of the strong plasma convection occurring at these latitude? and a new
coding technique for incoherent scatter radars.

A technique to determine the thennospheric neutral wind from incoherent scatter
measurements is described. Simultaneous Fabry-Perot interferometer measurements
of the wind are compared with those derived from the radar data and the uncertain-
ties are discussed.

F-region electron density depictions in the afternoon/evening sector of the auroral
zone identified as the main ionospheric trough, are investigated. In a statistical
study, based on wide latitude scanning experiments made at solar minimum, the
trough appearance at a given latitude is compared to the geomagnetic index Kp, and
an empirical model predicting the latitude of the trough is proposed. Detailed
studies, using different experiment modes, show that the equatorwara edge of the
auroral oval is co located or up to 1° poleward of the trough minimum, which in
turn is co-located with the peak convective electric field, with its boundary 1° - 2
cquatorward of the trough minimum. It is shown that the F region ion composition
changes from pure O+ to molecular ion dominated (NO+/O?+) as the trough moves
into the region probed by the radar. In a special case, where a geomagnetic sudden
impulse caused an expansion of the plasma convection pattern, the cquatorward
trough progression is studied together with ionosonde measurements.

A new coding technique for incoherent scatter radar measurements is introduced
and described. This method, called alternating codes, provides significantly more
accurate estimates of the plasma parameters than can be obtained by frequency
commtitated multipulse measurements. .Simple explanations of the method are given
as well as a precise definition. Two examples of applications of the alternating
codes are presented, showing the high-quality data obtained in these experiments.
One of these was devoted to direct measurement of ion composition and hence long
integration times, giving good estimates in geomagnetically quiet situations. These
results give profiles of ion composition during undisturbed periods for initial input
for estimates using the technique for deriving composition introduced in the trough
case during periods of high electric fieids when ionospheric parameters are
changing more rapidly. In the second example, »he alternating codes are used to
measure F.- and F-region parameters with a time resolution shorter than one minute,
in events where the signal to noise ratios arc very low.

Keywords: Incoherent scatter, aurora! latitudes, plasma convection, electric field,
ion composition, ionospheric trough, alternating codes, thermospheric neutral
wind.
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Abstract

Observations by the EISCAT incoherent scatter radar (69.6° N, 19.2° E, L=6.2) are

used to study the dynamics of the auroral upper atmosphere. The study describes

some effects of the strong plasma convection occurring at these latitudes and a new

coding technique for incoherent scatter radars.

A technique to determine the thermospheric neutral wind from incoherent scatter

measurements is described. Simultaneous Fabry-Perot interferometer measurements

of the wind are compared with those derived from the radar data and the uncertain-

ties are discussed.

F-region electron density depletions in the afternoon/evening sector of the auroral

zone, identified as the main ionospheric trough, are investigated. In a statistical

study, based on wide latitude scanning experiments made at solar minimum, the

trough appearance at a given latitude is compared to the geomagnetic index Kp, and

an empirical model predicting the latitude of the trough is proposed. Detailed

studies, using different experiment modes, show that the equatorward edge of the

auroral oval is co-located or up to 1° poleward of the trough minimum, which in

turn is co-located with the peak convective electric field, with its boundary 1° - 2°

equatorward of the trough minimum. It is shown that the F-region ion composition

changes from pure O+ to molecular ion dominated (NO+/O2+) as the trough moves

into the region probed by the radar. In a special case, where a geomagnetic sudden

impulse caused an expansion of the plasma convection pattern, the equatorward

trough progression is studied together with ionosonde measurements.

A new coding technique for incoherent scatter radar measurements is introduced

and described. This method, called alternating codes, provides significantly more

accurate estimates of the plasma parameters than can be obtained by frequency
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commutated multipulse measurements. Simple explanations of the method are given

as well as a precise definition. Two examples of applications of the alternating

codes are presented, showing the high-quality data obtained in these experiments.

One of these was devoted to direct measurement of ion composition and hence long

integration times, giving good estimates in geomagnetically quiet situations. These

results give profiles of ion composition during undisturbed periods for initial input

for estimates using the technique for deriving composition introduced in the trough

case during periods of high electric fields when ionospheric parameters are

changing more rapidly. In the second example, the alternating codes are used to

measure E- and F-region parameters with a time resolution shorter than one minute,

in events where the signal-to-noise ratios are very low.

Keywords: Incoherent scatter, auroral latitudes, plasma convection, electric field,

ion composition, ionospheric trough, alternating codes, thermospheric neutral

wind.
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Introduction

Incoherent scattering of radio waves from the ionosphere has proven to be a very

powerful technique to probe ionospheric parameters from the ground. The tech-

nique uses frequencies well above the ionospheric plasma frequency and passes

almost unaffected through the ionosphere. Only a small amount of the energy is

scattered by the ionospheric electrons, but the information in the returned signal is

remarkably rich in physical content. Powerful (~MW) radars are used to measure

the autocorrelation function (ACF) of the signals, scattered from a fixed volume is

space, by sending up series of pulses. The theory for the spectrum of the scattered

signals was developed by Dougherty and Farley (1960, 1961, 1963) and can be

divided into three parts: the ion line, the electron line and the plasma line, of which

the first is the one that is used most and it is also easiest to measure. Since the

spectrum is the Fourier transform of the ACF and the theory is exact, a number of

ionospheric parameters can be deduced by non-linear least-squares Fitting methods.

The basic parameters are electron density, electron temperature, ion temperature and

line-of-sight ion drift velocity. Other parameters that are sometimes fitted are ion

composition, ion-neutral collision frequency, electric current and even ion-depen-

dent parameters, but this often means that one has to introduce assumptions con-

cerning the basic parameters. The first incoherent scatter site was built in Arecibo,

Puerto Rico, in 1959 and at present there are at least six systems in regular opera-

tion around the world. Of these, EISCAT is the one that has the best possibilities

for accurate and interesting measurements.

EISCAT (The European Incoherent SCATter facility) is situated in northern

Scandinavia. The facility consists of a tristatic UHF radar, with a transmitter in

Troms0 and receivers in Troms0, Kiruna and Sodankylä, and a monostatic VHF

radar in Troms0. The UHF system, operating at 933 MHz, is fully steerable. It

made its first measurements in 1981 and has been used extensively since then. Its

multi-frequency and multi-channel capabilities make it possible to probe simul-

taneously both E- and F-regions with appropriate resolution and the tristatic

arrangement gives spot measurements of the ion drift velocity vector. The VHF-

system can do a limited meridional scan, but is still not running with full power. It

operates at 224 MHz and hence gives possibilities for measurements in height-

regions where the Debye-length is too large for the UHF-radar, namely in the D-

region and at altitudes greater than 1000 km.
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With its location at high latitudes, EISCAT has improved our knowledge of the

dynamical auroral processes occurring there. Phenomena that have been studied

include the polar mesospheric summer echoes, PMSE, (some recent results in eg.

Handbook for MAP, 1989), sporadic E-layers (eg. Nygren, 1989) and non-

Maxwellian F-region ion velocity distributions (eg. Lockwood, 1987). These are

only single examples from each ionospheric region, but of course there are many

more, several of which can be found in the four special EISCAT issues of Journal

of Atmospheric and Terrestrial Physics (1984,1986, 1988, 1990).
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Summary of the papers included in the thesis

Although an incoherent scatter radar measures the parameters of the ionised part of

the atmosphere, is it possible to deduce from these some information about the

neutral part. For example, the ion-neutral collision frequency gives an estimate of

the neutral number densities, and by using the ion energy equation is it possible to

obtain information on the neutral temperature. In paper 1 the formalism for the

calculation of the F-region neutral wind is given using the momentum and energy

equations. By comparing with measurements made by the Fabry-Perot interfero-

meter located in Kiruna, a quantitative evaluation of the results was possible. Very

good agreement was obtained in the comparison between the optical and radar-

derived wind for the meridional component. The zonal components agreed less well

because the derivation of this component from radar data is much more sensitive to

the assumed neutral temperature. However, neutral motions in the thermosphere are

an important parameter in many studies, and with qualified assumptions about the

neutral temperature is it possible to get a rough estimate of the neutral wind if

optical data are missing due to clouds or daylight. Moreover, with accurate radar

data it is possible to derive an altitude profile of the neutral wind, which is

impossible with the optical measurements.

An import mt factor affecting high-latitude thermospheric winds is the magneto-

spheric eleotric field convecting the ionospheric plasma, which brings the neutrals

into motion through the action of collisions. Another effect of the plasma

convection is the main ionospheric trough, which is a zone, extended in longitude,

of low eleciron densities in the F-layer, occurring mostly just south of the auroral

oval. The location of this feature makes it very suitable for EISCAT studies. In

paper 2, bas^d on wide latitude scanning experiments, the behaviour of the trough

was described in relation to the electric field, auroral precipitation and magnetic

disturbance. The diurnal variation of the trough at EISCAT is such that it appears

first at high latitudes in early afternoon then moves south out of the EISCAT field

of view, or merges near midnight with the low densities in the night-time

midlatitude ionosphere. From one year of EISCAT Common Program 3 data at

solar minimum it was found that the appearance of the trough at a given latitude can

vary by up to 8 hours, with a weak dependence on Kp. The equatorward edge of

the auroral oval, evidenced by electron densities in the E-region together with all-

sky auroral images, appeared either co-located with, or up to 1° poleward of, the

trough density minimum. The measurements supported the model of Spiro et al.

(1978) in which the trough is in a region of strong northward electric field, or,
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cquivalently, westward plasma flow, bringing night-side low density plasma into

the sunlit region.

Another effect of the strong plasma flow in the auroral F-region is to enhance the

rate of the reaction O+ + N2 -> NO+ + N and subsequent recombination reduces the

electron densities even more. Paper 3 investigates this in more detail, where, based

on the measurements in paper 2, it was possible to identify the trough in experi-

ments with stationary antenna-pointing. Here a new method is introduced to derive

the ionic composition. The method is based on the ion-energy equation. By using

the ion temperature and drift velocity from a first analysis, at weakly disturbed

times close to the time in interest, it is possible to fit for neutral wind and

temperature. With these parameters one can assume that the ion temperature should

obey this ion-energy equation also in the trough. In a second analysis it is then

possible to fix this parameter and allow the ion composition to be a free parameter.

This method requires accurate velocity measurements. The results indicate, in the

two examples studied, that the proportion of O+ near the F-region peak decreased

from 100 % in the undisturbed ionosphere to only 10 % and 30 % respectively, in

the density minimum of the trough, and that at those times the whole F-region up to

400 km was dominated by molecular ions. This change in composition also affected

the electron temperatures derived from the radar measurements. For the case with

10 % O+ the electron temperature was transformed from a local minimum of <2000

K in the first analysis to a local maximum of 4000 K in the second analysis.

One of the events in paper 3 formed the basis of a case study, presented in paper 4,

on the sudden appearance of the trough in connection with a geomagnetic sudden

impulse. The impulse caused an equatorward motion of the plasma convection

pattern with maximum flows and F-region electron density depletion above

EISCAT about one hour later. Using ionosonde measurements from south of the

radar it was shown that a trough was formed with a very hi^h equatorward pro-

gression speed. One difficulty, caused by the limited spatial coverage of the obser-

vations, was the recovery of the ionisation south of the radar while the F-region

densities remained depleted over EISCAT. Although the former region was still

sunlit it was clear that transport must have been the source of the additional ionisa-

tion and a qualitative explanation of the observations was given, based on computer

simulations performed by Robinson et al. (1985).

To obtain good estimates of the incoherent scatter parameters it is necessary to mea-

sure the spectrum (or ACF) with as good accuracy as possible. These requirements
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are of course limited by technical factors of the radar. On the transmitter side these

are eg. peak power and duty cycle and on the receiver side there are limitations in

eg. system noise, result memory and correlator speed. Moreover, if the signal is

received with the same antenna as is used for transmission, it is necessary to use

short pulses, so that the respon* ?s from different ranges are not mixed with each

other. The most common type experiment is to transmit a rather long pulse for

measurements where good heip i and spectral resolution is not needed, for example

in and above the F-region peak, and for the heights below to use pulse coding

techniques where the resolutions are more important. The codes used for a long

time have been the muhipulse and pulse-to-pulse techniques (Farley, 1972),

depending on which spectral resolution is needed. If there is a demand for very

good altitude resolution, the individual pulses in the codes themselves can be phase-

coded and thereby compressed using Barker codes or complementary codes (Gray

and Farley, 1973). Most of the existing incoherent scatter radars only have the

possibility for a single transmitted frequency. Therefore multipulses are not very

efficient since gaps in the transmission have to be given, lowering the effective duty

cycle dramatically.

Alternating codes, introduced in paper 5, are a new way of phase-coding close to

the theoretical limit in measuring speed. In most situations these can replace the

multipulse codes, and even at EISCAT, where the gaps in the multipulse group can

be filled with groups transmitted at other frequencies, they are about 5 times faster

for low signal-to-noise ratios. The advantage of alternating codes is that the whole

duty cycle of the radar can be dedicated to one frequency, and in the received signal

every possible cross-product for lags up to the pulse-length can contribu'e valid

information, while any clutter from other lags or other heights cancels exactly.

There now exist alternating codes up to a length of 32 bits; longer ones will pro-

bably be found if the search continues. However, there has been no need for a

longer code so far but the search for the 32 bit code took more than a week on the

Nord 500 computer usiiijj the given algorithms and a 64 bit code search is estimated

to take several years on the same machine.

The first experiments applying the alternating codes, described in paper 6, were

devoted to direct measurements of the ion composition in the transition region

between molecular (NO* and O2+) and atomic (O+) ions, that is in the lower F-

region during quiet times. This is also a region where all incoherent scatter para-

meters show large gradients, so good height resolution is needed, and to be able to

resolve the ion c nposition from temperatures the measurements have to be done
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with very high accuracy. To achieve the ion composition results it was necessary to

develop a new integration method where the data were first analysed with 20 minute

intervals using a standard incoherent scatter analysis package and fixing the O+

content at several levels from 0 to 100 %. These intermediate results were then inte-

grated over such volumes in space and time that a determination of the average of

the ion composition became possible. The experiment was run on three separate

occasions; first a one hour test run and then two runs of almost 24 hours. The test

run was geomagnetically quiet and gave good results; the first 24-hour run was a

little more disturbed, giving good results only for some hours around local noon.

On the last day a polar cap absorption event occurred during which the E-region

was highly variable and good results could only be obtained around the noon F-

region peak. The experiment used the 16-bit code but due to the receiving limita-

tions at EISCAT the basic integration time was forced to be 64 seconds. This was

not a problem in those experiments, however, since long integration times were

going to be used anyway, but if high time resolution is important only 8-bit alter-

nating codes are possible with the present hardware at EISCAT.

Paper 7 describes the application of the alternating codes in the ERRRIS

campaigns. This was the first extensive use of the codes that gathered almost 200

hours of data in March-April 1988 and February-March 1989. The ERRRIS (E-

region Rocket/Radar Instability Study) campaign involved sounding rockets,

coherent and incoherent radars and various other instruments to study the

generation of E-region irregularities by electric fields in the auroral zone. The

challenge to EISCAT was to measure the electric field and the E-region electron

temperatures with a time resolution better than one minute, in events where the

electron density (or signal-to-noise ratio) was low. These demands were fulfilled

with the 8-bit alternating codes. Although these do not offer such great advantages

for multistatic observations as they do for monostatic ones, the use of a single

frequency, single coded pulse allows the full duty cycle to be received at all

receiving stations. The scientific outcome of the ERRRIS experiments, due to the

high-quality data, has resulted in several papers eg. on E-region electron heating

(Jones et al., 1990), on upper E- and F-region ion heating (Williams et al., 1990)

and on the variations in the electric field (Opgenoorth et al., 1990). The alternating

code experiments carried out so far have necessarily been a compromise of

scientific demands and system limitations. Ongoing projects at EISCAT will in

future take full advantage of the alternating code technique.
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