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Abstract

Data from Super Dual Auroral Network (Super-Darn) is analysed to look for
Farley–Buneman irregularities in the auroral electrojet above Esrange, in order
to to suggest launch contidions for the SPIDER rocket. The SPIDER rocket
aims study the auroral electrojet in situ, by launching a sounding rocket into the
aurora. The data was collected between 2002 and 2010 using the Super-Darn
radar in Hankasalmi, Finland.





Sammanfattning

Super Dual Auroral Network (SuperDARN) är ett nätverk av radarstationer som
används för att studera jonosfären i polarområden. Från en av dessa, radarsta-
tionen i Hankasalmi, Finland har data från 2002 till 2012 analyserats i jakt på
Farley-Bunemanturbulens. Farley-Bunmeman-turbulens uppkommer i E-skiktet
i E-regionen då det elektriska fältet där är tillräckligt högt. Målsättningen med
dataanalysen var att om möjligt föreslå startvillkor för SPIDER-raketen, en
sondraket som byggts för att studera norrsken och Farley-Buneman-turbulens
in situ.
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1 Introduction

1.1 Purpose and SPIDER-project

The SPIDER projcet is a reserch project performed at the KTH Alfvén Labo-
ratroy. It aims to study the auroral electrojet in situ, by launching a sounding
rocket into the aurora. During its flight, the rocket will eject a number of small
payloads (a minimum of four). These will be ejected at separate times during
the flight. The payloads will also be ejected with varying velocities.

Thereby, it will be possible to study the spatial distribution and time evolu-
tion of the electric fields, the electron density, currents, and waves inside the
auroral arch. The payloads will collect information during their flight and will be
retrieved after the test flight. In addition to the in situ measurements, ground
based optical instruments (Auroral Large Imaging System, ALIS) as well as
radar (Super Dual Auroral Network, Super-Darn and EISCAT) will monitor
the aurora.

The SPIDER project aims specifically to adress the following questions:

To what extent do long wavelength waves (i.e. up to the order of 100 me-
tres) appreciably fill the auroral electrojet region and how do they influence the
shorter scale plasma waves?

How do dissipation rates and effective conductivities vary in space over scales
from a few kilometres down to a few tens of metres, and in time; how do these
variations relate to optical auroral forms and their dynamics?

What is the structure of a ”stable” auroral arc on 100 metre scales?

The purpose of this master’s project has been to analyse data on ionospheric
activites in order to be able to suggest launch contidions for the SPIDER rocket.

2 Theoretical background

2.1 General plasma physics

Neutral particles moving through a magnetised plasma will be unaffected by
the electric and magnetic fields and will have straight paths inbetween collisions.
Charged particles, however, will show a much more complex behavior, as a result
of the magnetic and electric forces acting on them.

A particle with the charge q and the mass m moving through a static, homo-
geneous magnetic field B with the velocity v will gyrate in circles perpendicular
to the magnetic field lines. The frequency is

⌦c =
|q|B
m

and the gyro radius is
⇢c =

mv?
|q|B .
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The gyro motion generates a current that in turn gives rise to a magnetic
moment directed in the opposite direction to the primary magnetic field. Its
magnitude is µ = IA, where I = |q|!c is the current and A = ⇡⇢

2
c , the area of

the loop. This leads to the following expression for the magnetic moment:

µ =

w?
B

If an electric field perpendicular to the magnetic field is present, the charged
partiles will experience another drift, called the E⇥B-drift. This will be directed
perpendicular to both the magnetic and electric fields and is expressed as:

vE⇥B =

E ⇥ B

B

2

2.2 The ionosphere and the aurora

The ionosphere is an electrically conducting layer in the uppermost part of
Earth’s atmosphere. Its lower limit is at an altitude of approximatly 60 km
and its upper is ca. 1500 km where it merges with the magnetosphere. The
ionosphere is weakly ionised, and consists mostly of neutral NO, O2 and O.

Photo-ionisation due to UV-light and soft X-ray radiation emitted from the
Sun is the main source of ionisation, but impact ionisation due to precipitating
cosmic and magnetospheric particles contribute as well. A consequence of this
is that the electron density is very different in the day side compared to the
night side.

The ionosphere is traditionally divided into four different layers, the D-layer
(60 - 85 km), the E-layer (85-140 km), F1 (140 - 200 km) and F2 (200 - 1500
km). They have distinct properties, e.g. electrical conductivity.

Auroras are caused by precipitating particles (electrons and ions) colliding
with particles in Earth’s atmosphere, thereby exciting them. When these parti-
cles then de-excite, they emit light which is recognised as auroral light. Most of
the auroras occur at heights between 90 and 150 km, i.e. in the E and F layers.

The geomagnetic activities of Earth’s magnetic field can be measured with
the Estimated Planetary K-Index, Kp that ranges from 0 to 9. Kp is the average
value of the maximum changes in magnetometer data during a three hour period
from various stastions throughout the globe. The higher the value, the greater
is the geomagnetic activity [sunearthday.nasa.gov/swac/tutorials/].

2.2.1 Ionospheric conductivities

The conductivity of the ionosphere is anisotropic and can be described by the
the following tensor:

� =

0

@
�P �H 0

��h �P 0

0 0 �k

1

A

where the Pedersen conductivity �P is the conductivity parallel to E?, the Hall
conductivity �H is parallel to E⇥B and �k is the conductivity parallel to the

3



magnetic field. In the absence of a magnetic field, only the parallel conductivity
would remain. The conductivities are given by the following expressions:

�P =

✓
⌫en!ce

⌫

2
en + !

2
ce

+

⌫in!ct

⌫

2
in + !

2
ct

◆

�H =

✓
!

2
ce

⌫

2
en + !

2
ce

◆

�k =

✓
1

me⌫en
+

1

mi⌫in

◆
e

2
Ne

where ! is the gyro frequency and ⌫ is the collision frequency between charged
and neutral particles. The above expressions for the conductivites were derived
under the assumption that the plasma consists of one neutral species, free elec-
trons and only singly charged ions. The resulting expression for Ohm’s law in
the ionosphere is:

j = �PE? + �H
E? ⇥B

B

2
+ �kEk

2.3 Farley–Buneman turbulence

The Farley–Buneman instability was first described in 1963 in two independent
papers by Farley, using kinetic theory [Farley, 1963] and Buneman whose de-
scription was fluid [Buneman, 1963]. It is a two-stream instability that occurs in
the lower part of the E-region where the ions are assumed to be unmagnetised
and the electrons inertialess. The Farley–Buneman instability occurs when the
E ⇥ B drift of the electrons exceeds the ion acoustic speed [McKenzie, 2006].
To excite the Farley–Buneman instability, the electric field E? has to exceed a
threshold of ca 22 mV�1 [Buchert, 2008].

2.3.1 Linear dispersion relation

For wavelengths greater than a few tenths of centimetres linear theory gives a
good description of the Farley–Buneman instability [Sahr, 1996]. Bela [1984]
derive the linear dispersion relation from the electron and ion continuity, and
momentum equations as well as Poisson’s equation the following way:

D

Dt

(n�) +r · (Nv�) + n�r ·V0 + 2↵Nn� = 0, � = i,e

m

D

Dt

v � qv ⇥B+m⌫v = �qr�� n

N

2
rP0 �

KT

N

rn

n, v, p and � are the perturbations. We will only consider nearly field-aligned
irregularities (i.e. k? � kk). Furthermore, we will neglect any velocity shear
effects, electron inertia and ion magnetisation. Assuming that the fluctuations
are proportional to exp [i (k · r� !t)] in the ion frame of reference and solving
for Nv from the momentum equations and then taking the divergence gives us:
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is an anisotropy parameter that measures the field alignment and b = B/B.
By substituting (1) and (2) into the corresponding continuity equations and
assuming quasi neutrality and k

2
? � k · rN/N we can express the dispersion

relation as:
(!̃ � k ·Vd)
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where !̃ = ! + 2i↵N , with ↵ being the recombination coefficient, and the drift
velocity Vd = Ve �Vi is:

Vd =


1� ⌦

2
i

⌦

2
i + 1

�
E⇥B

B

2
�

⌫e

⌦e
+

⌫i⌦i

⌦

2
i + ⌫

2
i

�
E

B

+ Vkaz

We now introduce the definition

Leff =

kN

k · (r⇥ b)

This reduces to
LN =

N sec ✓

@N/@h

when k is perpendicular to B. LN is the ambient density gradient scale length
Farley[1985]. This gives a simplified expression for the dispersion relation:
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2.3.2 The dispersion relation at electrojet altitudes

Equation (4) may be simplified if we only consider the behaviour of the waves
in the electrojet region. Here the ions are assumed to be unmagnetised and
since ⌫i � ⌦i and ⌦e � ⌫e the relative drift velocity may be approximated
with Vd = E⇥B/B

2 and the electrons may be considered collisionless. The
simplified expression of (4) becomes:

!̃ � k ·Vd +

⇥
!̃ (⌫i � i!) + ik

2
C

2
s

⇤✓
 

⌫t
� i

kLN⌦i

◆
= 0 (5)

If we assume that ! = !r + i� and that � ⌧ !r and kLn � ⌫i/ [⌦i (1 +  )],
the oscillation frequeny and growth rate are given by:
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The ion acoustic speed is given by C

2
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, where �i and �e are the

specific heat ratios.

The threshold velocity for instability is found by setting � = 0 in equation
(7) and we find that [Sahr & Fejer, 1984]:

k ·Vd = kCs (1 +  )

8
<

:

"✓
⌫i

2⌦ik
2
CsLN 

◆2

+

2↵N0⌫i (1 +  )

k

2
C

2
s 

+ 1

#1/2

� ⌫i

2⌦ik
2
CsLN 

9
=

;

(8)

Equation (7) depends heavily on  which limits the unstable k-region to
directions perpendicular to B or a within a few degrees from this.

2.4 Incoherent radar scattering

Incoherent scattering (or Thomson scattering) is the scattering of an electro-
magnetic wave from a charged particle. The electromagnetic wave accelerates
the particle, casuing it to emit radiation. For nonrelativistic cases, the particle
will have the same frequency as the incident wave and the emitted radiation will
be directions other than that of the incident wave. The process may be viewed
as scattering of the incident radiation [Jackson 1998]. For unploarised incident
radiation the scattering cross section is

d�

d⌦

=

✓
e

2

mc

2

◆2

· 1
2

(1 + cos2✓)

d� is the energy radieater/unit time/solid angle, d⌦ is the incident energy flux
in energy/unit area/unit time, e and m the charge and mass of the particle.
This formula is valid for the scattering of x-rays by electrons or gamma rays by
protons and is known as the Thomsonformula. For higher frequencies, when
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the momentum of the photon, ~!/c becomes comparable to mc, the Thomson
formula must be modified [Jackson 1998].

European Incoherent Scatter, EISCAT is a system of incoherent scatter radars.
There are two separate sites of tranmitters, one in Tromsø in northern Norway
and a second one in Longyearbyen on Svalbard. EISCAT

3 Method

3.1 Coherent radar scattering

Coherent backscatter meets the Bragg condition: k = 2kr with k being the wave
vector of the ionosphereic irregularities and kr the radar wave vector. This leads
to the requirement kr ? B due to the field alignement of the irregularities [Milan
1997]. An illustration of the geometry of the beams is shown in figure 2.

Two types of backscatter can be observed from HF radars, ground backscat-
ter and reflections from the ionosphere. The former has no Doppler shift and
can therefore easily be separated from the latter. Farley–Buneman irregularites
is one of two main types of backscatter spectra from the E region, with gra-
dient drift-instabilities being the second. The two spectra have quite different
charactersitics, making them easy to separate from eachother. Farley–Buneman
irregularities have a narrow spectrum centered at the ion-acoustic speed (typi-
cally around 400 m/s) whereas gradient drift-instabilities have a much broader
spectrum centered around a 0 m/s Doppler shif. [Milan 1997].

3.1.1 Super DARN and CUTLASS

Super Dual Auroral Radar Network, SuperDarn is a network of 20 radars that
are used for studying the polar regions of the Earth. 14 of them are located in
the northern hemisphere operating on frequencies between 8 and 20 MHz. For
this project I have used historic data from the SuperDARN radar in Hankasalmi,
Finland.

The SuperDARN radars work by transmitting a short sequence of HF pulses
and sampling the returning echoes. An averaged auto correlation function is cal-
culated and used in turn to calculate the backscattered power, spectral width
and the Doppler velocity of the plasma density irregularities in the ionosphere.
The temporal resolution is typically 1-2 minutes [superdarn.jhuapl.ed].

CUTLASS (Co-ordinated UK Twin-Located Auroral Sounding System) is part
of the Super DARN network and consists of two radars located on Iceland and
in Finland with boresites 30� and 12

� respectively. It can operate at frequencies
between 8 MHz and 20 MHz [Milan 1997]. CUTLASS measures the recieved
power, line of sight velocity, spectral width and the elevation angle of the re-
tuned signal. Where the Icelandic and Finnish radars overlap it also gives 2-D
velocity vectors [CUTLASS Tutorial]. The radar scans through 16 directions
that are distributed symmetrically around the boresites and separated by ap-
proximately 3.2

� [Milan 1997]. With the normal scan mode, a scan takes 2
minutes and covers more than 50

� azimuthally. Each beam typically consists of
75 range gates. With a 300µs pulse this corresponds to a 45 km gate length. By
using other scan modes, the gate length may be reduced to 15 km [Milan 2000].
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Figure 1: An illustration of the geometry of a beam emmitted from SuperDarn.
[CUTLASS Tutorial]

3.2 Analysis of SuperDarn data

Data from the Hankasalmi radar, from October to March, collected from 2002
to 2012 has been the main information source used to look for Farley–Buneman
irregularrities. It is possible to analyse it directly in the accompanying program
Go, but the data was converted into ASCII format and analysed in Matlab.

Because the Hankasalmi radar looks almost straight northwards, the east-westward
components at Farley–Buneman velocities are very small and may be hard to
distinguish. To compensate for this, the behaviour at the edges of the radar was
studied to look for turbulence that spans the area of the entire radar, instead
of only the one beam looking over Esrange.

All data points given as 10,000 m/s and ’*’ were removed from the data set,
as these are erroneous measurements. To see if the ground scatter affected the
result, the 0 m/s Doppler shifts were removed for comparison to the set where
the ground scatter was included.

Each beam consists of 72 range gates; but only data from eleven range gates
was used, the range gate at the latitude of Esrange, and five above and below.
The latitudes and numbers of the central range gates are shown in table 1.

The data from each beam was divided into 15 minute intervals and the
proportion of the velocities within an interval of Farley–Buneman irregularrities
was calculated. This interval was set to 350 m/s ± 150 m/s, or �350 m/s ±
150 m/s corresponding to irregularities moving eastwards or westwards when
looking in the direction of the electrojet. Because the Hankasalmi radar is
directed northwards, the east–west components are found by multiplying the
velocity with sine of the angle between a beam and north; i.e.

vew,n = vn · sin ✓n
where vew,n is the calculated east-westward velocity of beam n, vn the mea-

sured Doppler shift of beam n and ✓n the angle beam n and the north. The
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Figure 2: The SuperDarn radars. Only the Hankasalmi radar was used, since
the Pykkviær spans an area north of Esrange.

geometry is illustrated in figure 3. The westmost beam (beam0) is located 36.3

�

west of the north axis and the eastmost beam (beam15) at 15.5

� east of the
north axis, giving:

|vW | = 350 |sin(36.3)|m/s = 207 m/s
|vE | = 350 |sin(15.5)|m/s = 75 m/s

vE and vw are the projections of the assumed minimum velocity for Farley–
Buneman irregularities at the westmost and eastmost beams of the radar. If
the proportion of the velocities within the stated interval was greater than 20%
in a beam. The time, date and the Kp value of the event were registered. The
number of beams that met this condition was also calculated. To determine if
the ground scatter affected the results, this was done for both data sets; the one
containing ground scatter and the one where it had been removed.

The electrojet moves almost perpendicularly to the looking direction of the
Hankasalmi radar, more so close to the centre of the radar. This results in very
small projcetions of the electrojet velocities onto the looking dircetion and thus
the observations become sensitive to errors. This becomes especially problematic
close to the centre of the radar.

In order to limit errors, only the six outermost beams at the western edge
and the two outermost at the eastern edge the radar were used. Time intervals

9



Figure 3: An illustration of the geometry. The line marked ’N’ points straight
to the north, ✓ marks the angle between north and the boresight, ✓ = 12

�.
The blue and red lines demonstrate the geometry of an westwards (blue) and
eastwards (red) moving irregularity. West of the north axis, the irregularrities
will move towards the radar, while it will move away from the radar when
looking east of the north axis. The opposite holds for irregularrities moving
westwards.

that fulfilled the defined requirements were collected into a list and then plotted
with the velocities in each beam against the corresponding beam number. The
plots were then inspected visually in order to see if there seemed to be Farley–
Buneman irregularrities present.

In order to determine that Farley–Buneman irregularrities are indeed present,
the behaviour must be be uniform over the studied beams. Figure (4) is an ex-
ample of a plot showing Farley–Buneman irregularities, and figure (5) is an
example of the opposite.

4 Results

Farley–Buneman irregularities moving westward were mostly present late at
night and early mornings (figure 6b and figure 6h), whereas eastward moving
irregularities were observed from noon until midnight (figure 6a and figure 6g).
No westward moving irregularities were observed between midnight and 10 am,
irrespective of the removal of ground scatter. With the ground scatter removed,
there were fewer observed events, for both eastwards and westwards moving
irregularities (45 compared to 65 and 44 compared to 49 for east and west
repsectively.). This difference was particularly pronounced for the eastwards
moving irregularities.

The proportions of events observed at Kps of 2,3 and 4 were overrepresented
for eastward moving irregularities, compared to the distribution of Kp values
over the 10 year period. This overrepresentation was especially pronounced for

10



Beam Range gate Latitude
0 20 67.78�N
1 19 67.83�N
2 18 67.82�N
3 17 67.74�N
4 17 67.98�N
5 16 67.79�N
6 15 67.75�N
7 14 67.76�N
8 14 67.86�N
9 13 67.77�N
10 13 67.82�N
11 13 67.84�N
12 13 67.84�N
13 13 67.82�N
14 13 67.77�N
15 14 67.85�N

Table 1: The geographic latitude and number of the central range gates for each
beam. Esrange is located at 67.8

�N. With a 300µs pulse, a range gate is 45 km
long.

Kp = 3 and Kp = 4. For Kp = 1, there is a clear underrepresentation of events
comparted to the 10 year Kp distribution. (figure 6c, figure 6i)

Westward moving irregularities show an overrepresentation for Kp = 2, 3, 4
and 5 and a clear underrepresentation for Kp = 1.

No events in either direction were observed at Kp = 0. Farley–Buneman
events at Kp = 1 corresponded to less than 10% of the events for westward
moving irregularities and ca 15% of the eastward moving ones. This is a consid-
erably lower proportion compared the Kp distribution over 10 years where Kp
= 1 constitutes more than 25% of the measured Kp values. Kp = 2 and Kp =
3 accounted for the vast majority of the observed irregularites, both eastwards
and westwards moving, in total about 65% in either direction.
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Figure 4: An example of a plot showing Farley–Buneman irregularities. The
velocities are at or above the necessary velocity and consistently so over the
radar. The red and blue axes show an estimate of the velocity necessary for the
irregularrities to occur (it is both a necessary and sufficient condition) at the
latitude of each beam. Blue corresponds to currents moving westwards and red
eastwards. Although all beams are shown in the plot, only the six at the left
edge (the four western beams) and two at the right edge (corresponding to the
eastern edge) have been used to determine that Farley–Buneman irregularities
are present.
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Figure 5: An example of a plot not showing Farley–Buneman irregularities.
Although several beams demonstrate velocities above the limit for Farley–
Buneman irregularities, it is not conistent over the edges of the radar.
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(a) The histogram shows the number of eastwards moving Farley–Buneman irregularrities col-

lected over a ten year period and how they are distributed over they day. All zero-Dopplershifts

have been removed.

(b) The histogram shows the number of westwards moving Farley–Buneman irregularrities col-

lected over a ten year period and how they are distributed over they day. All zero-Dopplershifts

have been removed.
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(c) The proportion of Kp values at eastward Farley–Buneman irregularities (blue) compared to

the distribution of Kp over a ten year period (red). All zero-Dopplershifts have been removed.

(d) The proportion of Kp values at westward Farley–Buneman irregularities (blue) compared

to the distribution of Kp over a ten year period (red). All zero-Dopplershifts have been

removed.

15



(e) The number of events and the corresponding Kp values for eastwards moving Farley–

Buneman irregularities. In total 49 events. All zero-Dopplershifts have been removed.

(f) The number of events and the corresponding Kp values for westward moving Farley–

Buneman irregularities. In total 44 events. All zero-Dopplershifts have been removed.
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(g) The histogram shows the number of eastwards moving Farley–Buneman irregularrities col-

lected over a ten year period and how they are distributed over they day. No zero-Dopplershifts

have been removed.

(h) The histogram shows the number of westwards moving Farley–Buneman irregularrities col-

lected over a ten year period and how they are distributed over they day. No zero-Dopplershifts

have been removed.
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(i) The proportion of Kp values at eastward Farley–Buneman irregularities (blue) compared to

the distribution of Kp over a ten year period (red). No zero-Dopplershifts have been removed.

(j) The proportion of Kp values at westward Farley–Buneman irregularities (blue) compared to

the distribution of Kp over a ten year period (red). No zero-Dopplershifts has been removed..
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(k) The number of events and the corresponding Kp values for eastwards going Farley–

Buneman irregularities. No zero-Dopplershifts have been removed. In total 65 events.

(l) The number of events and the corresponding Kp values for westward going Farley–Buneman

irregularities, with no zero-Dopplershift removed. In total 45 events
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5 Discussion

6 Conclusion

It is difficult do draw any conclusions from the results, since the number of
observed Farley–Buneman events is very small. However Kp:s of 2,3,4 and 5
were over repersented at the time of the positive observations, compared to
the Kp average values over the ten year period. Conversely, Kp:s of 0 and 1
were higly underrepresented, suggesting that periods of very low magnetospheric
activity should be avoided when looking for Farley–Buneman turbulence, which
is also expected.

The most probable reason for the lack of useful data points is the geometry of
the Super-Darn radar in Hankasalmi whith its beams being almost perpendicular
to the auroral electro jet. A larger collection of data was expected, and would
probably have been obtained had the Pykkvibær radar been possible to use.

Regarding the time of day, very little can be concluded. The east- and
westward moving irregularities were generally not observed at the same time.
It is difficult to make any recommendations regarding a rocket launch from this
data. The only possible recommendations is that a Kp between 2 and 5 is
preferable, and that the launch ought to take place at night or early morning.
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