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Abstract

Pulsating aurora is low intensity aurora appearing in limited structures with quasi-

periodical modulations in intensity. The highly energetic electron precipitation asso-

ciated with pulsating aurora has been shown to cause chemical changes as far down

as the mesosphere, causing ozone depletion. The drivers involved in generating pul-

sating aurora are not fully known, and efforts have been made to model many of the

suggested mechanisms. In order to evaluate these results observational constraints

on the temporal and spatial characteristics of pulsating aurora are necessary.

Previous studies have noted that the pulsating area tends to decrease over time

from studying single pulsating patches. This study examines a large set of all-sky

camera data comprising approximately 400 image series with pulsating aurora from

the MIRACLE network in northern Fennoscandia in order to determine the time de-

pendence of the average size and precipitation energy in pulsating aurora. The 20 s

time resolution of the all-sky images makes it challenging to identify spatial bound-

aries of the pulsating structures whose periods have a typical range of 2-20 s. Two

methods are implemented here, with the same results showing a gradual decrease

in average size. No relationship between UT and size is clear. The electron precipi-

tation energies are inferred from the peak emission height and 557,7 nm/427,8 nm

intensity ratio, and seem not to be directly related pulsating structure size. The

peak emission height shows a constant average energy following an initial increase

following the onset of the pulsating aurora, and the intensity ratio suggests a con-

stant average electron precipitation energy.



Sammanfattning

Pulserande norrsken är ett ljussvagt norrsken som framträder i begränsade struk-

turer med kvasiperiodiska intensitetsförändringar. De nedfallande högenergetiska

elektronerna som är associerade med pulserande norrsken har visats p̊averka ozon-

koncentrationen i mesosfären. De mekanismer som ligger bakom pulserande norrsken

är inte fullständigt kända, och försök har gjorts för att modellera olika kandidat-

mekanismer. För att utvärdera resultaten av dessa är det viktigt att först̊a det

pulserande norrskenets grundläggande attribut.

Tidigare studier har noterat att arean i en pulserande struktur sedd fr̊an marken

verkar avta, ifr̊an att ha studerat enstaka strukturer. Denna studie undersöker en stor

mängd markbaserad kameradata inneh̊allande ca 400 bildserier inneh̊allande pulse-

rande norrsken fr̊an MIRACLE-nätverkets instrument i norra Finland och Sverige.

Målet med studien är att undersöka hur den genomsnittliga storleken och partike-

lenergin i pulserande norrsken utvecklas med tid. Bildseriernas tidsupplösning p̊a

20 s gör det sv̊art att identifiera pulserande strukturer med typiska perioder mel-

lan 2-20 s. Tv̊a skilda metoder används här för att identifiera pulserande strukturer.

B̊ada metoderna resulterar i en ned̊atg̊aende trend för area som funktion av tid efter

bildseriens början. Inget beroende p̊a UT-tid är tydlig. Elektronenergierna indikeras

indirekt av emissionshöjden samt förh̊allandet mellan intensitet i de gröna och bl̊a

emissionslinjerna och verkar inte vara direkt relaterad till strukturstorleken. Emis-

sionshöjden visar p̊a en konstant genomsnittlig elektronenergi efter en kort initial

förhöjning, och det genomsnittliga intensitetsförh̊allandet h̊alls relativt konstant.
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Chapter 1

Introduction

Auroral displays are some of the most spectacular natural wonders on Earth, and

have inspired countless myths, pieces of art and scientific endeavours. The connec-

tion between aurora and space was explored with the advent of space technology

in the fifties, and aurora remains the most visible manifestation of activity in our

space environment. There are still many open questions regarding the effects and

origins of aurora.

Some of these questions are pertaining to pulsating aurora (PsA). What gives

pulsating aurora its name are quasi-periodic changes in intensity as auroral struc-

tures appear to switch on and off with a few seconds between pulsations. PsA is

a relatively faint type of aurora, but is caused by high-energy electrons that reach

far down into the atmosphere. Turunen et al. [2016] showed how chemical processes

caused by the high-energy precipitation associated with PsA can contribute to ozone

depletion in the mesosphere, which has important climate consequences. With this

in mind it is important to know the spatial and temporal extent of the aurora in

order to estimate the effect on the atmosphere. If the pulsating structure size turns

out to be related to the precipitation energy it could provide a useful method to

estimate the energy deposition.

Recent attempts have also been made to model PsA [e.g. Miyoshi et al., 2010]

in order to better understand what processes drive the precipitation. Knowing

the temporal evolution of the PsA patch size and particle energy could provide

constraints for such models. Humberset et al. [2016] investigated the structure,

intensity and size of a limited number of PsA patches in great detail, but no large

scale study has so far focused on the horizontal size of PsA structures. Partamies

et al. [2017] performed a statistical study on a large set of all-sky images from periods

when PsA dominated the field of view. The study identified a decrease in the height

of the auroral emissions, which is directly related to the energy of the precipitating

electrons, at the onset of PsA. Although this study did not measure patch size, the
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authors had the impression that the patch size monotonically increases or decreases

in most cases.

The goal of this study is to use the data set compiled by Partamies et al. [2017]

to examine how the size (horizontal area) of PsA structures and the associated

particle energies develop during a PsA event. In order to measure the size of the

pulsating regions, they must first be identified and separated from the rest of the

image. The background can consist of non-pulsating aurora, clear sky, the moon

and clouds. Björn Gustavsson (Universitetet i Tromsø) has developed a separation

method for PsA which has been used here. However poor temporal resolution proved

problematic and another simpler method was introduced for comparison. Both

methods arrive at similar results, but have significant estimated errors. Even so,

the large number of events make a temporal trend evident.

The particle precipitation energies from PsA can be challenging to determine

from the ground, but intensity ratios between different auroral emissions [Rees and

Luckey, 1974], as well as the emission altitude [Whiter et al., 2013] are commonly

used as proxies for auroral precipitation energy.
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Chapter 2

Background

2.1 Plasma physics

Plasma is often described as ionised gas. Plasmas are rare on Earth but prevalent

in the ionosphere and above, where atmosphere gives way to space. Most matter in

the universe is in the form of plasma, and a large part of space physics is the study

of plasmas in space.

The charged particles of a plasma, unlike a neutral gas, interact with electromag-

netic fields. A charged particle moving in an electric or magnetic field with charge

q and velocity v is subject to a Lorentz force

F = q(E+v⇥B). (2.1)

Solving (2.1) for particles with mass m in a uniform magnetic field B and no electric

field yields a circular motion around the field lines with an angular frequency

!

c

=
qB

m

(2.2)

called the cyclotron frequency, or gyrofrequency [Prölss, 2004]. If the initial velocity

has a component vk 6= 0 parallel with the magnetic field, the particle will follow a

spiralling motion along the magnetic field line. The angle between particle motion

and the magnetic field ↵ = sin�1 v?
v

is called the pitch angle, with v? being the

velocity component perpendicular to B,

If the background magnetic field is only slowly varying, the magnetic moment

µ =
mv

2
?

2B
(2.3)

is invariant. If a particle moves towards denser field lines, v2? will have to increase

as B increases in order for the magnetic moment to remain constant. Conservation

of energy means that vk will eventually reach zero at a value B

mirror

. When this

7



happens, the particle is mirrored if the magnetic field gradient is strong enough. In

a dipole field, charged particles can be mirrored back and forth between the poles

where field lines converge. Particles with lower initial pitch angle will have a higher

B

mirror

and reach further before they are mirrored. In the case of a planetary dipole

field, particles with pitch angles so low that they reach the planetary atmosphere

before being mirrored are said to belong to the loss cone (figure 2.1). Particles in

the loss cone are lost from the magnetic mirror movement when they collide with

particles in the atmosphere.

Figure 2.1: Magnetic mirror movement in the Earth’s radiation belts. The particle

has a pitch angle in the loss cone, and enters the atmosphere before B reaches

B

mirror

. Sketch from Tsurutani and Lakhina [1997].

If an external force F is applied to the gyrating particles, the guiding centre of

the gyration will move with a velocity

v
f

=
F⇥B

qB

2
. (2.4)

Electric fields, magnetic field gradients and curved particle paths are related to forces

that induce guiding centre drift motions. In the magnetosphere, radial magnetic field

gradients and curvature make trapped particles follow a drift motion around the

Earth, with electrons and ions moving in different directions causing an equatorial

ring current [Prölss, 2004].

Gyrating particles resonate with electromagnetic waves propagating in the plasma

if the condition

! � k · v = n!

c

(2.5)

is fulfilled [Tsurutani and Lakhina, 1997], where n is an integer and ! and k are

the frequency and wave vector of the wave, v is the particle velocity and (�k · v)

constitutes the Doppler shift term.
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Particle-wave interactions like this affects the motion of the particles, and can

accelerate or decelerate particles along the field line. This mechanism can drive

mirrored particles into the loss cone, a process called pitch angle scattering.

One such type of wave is the whistler mode chorus wave, so named for the sound it

makes when played through a speaker. Chorus waves on the nightside are generated

by plasma instabilities in the equatorial plane [Tsurutani and Lakhina, 1997].

2.2 The IMF and solar wind

The solar magnetic field is highly variable and changes on a variety of time scales.

High thermal pressure in the magnetised plasma called the solar corona immediately

surrounding the surface of the Sun force a flow of plasma from the corona into

interplanetary space following magnetic field lines. This flow of ionised particles

from the Sun is called the solar wind, and consists primarily of electrons and ionised

hydrogen and helium.

When conductivity is very high, the magnetic field is said to be approximately

"frozen" into the surrounding plasma. This means that field lines move with the

plasma, and that a plasma element stays on the same field line. With this frozen-

in-condition fulfilled, the coronal magnetic field lines are dragged outwards by the

solar wind. These field lines make up the interplanetary magnetic field (IMF).

2.3 The magnetosphere

Just like the sun, the Earth has a magnetic field, the geomagnetic field, and its in-

teractions with the IMF can cause auroral displays on Earth. The geomagnetic field

has been known to exist at least since William Gilbert’s De Magnete in 1600, and can

to a first approximation be described by a magnetic dipole with its axis somewhat

tilted in relation to the planetary axis of rotation. The space around Earth where

Earth’s magnetic field is dominant is called the magnetosphere, and it is what stops

the solar wind plasma frozen in to the IMF from impacting on Earth. The pressure

balance between the magnetosphere and the solar wind describes the magnetopause,

the boundary region separating the two and giving the magnetosphere its comet-like

shape with the magnetotail stretching far behind the Earth away from the sun.

The magnetic field lines near the geomagnetic poles are open, i.e. connected to

the IMF, and these regions are the polar caps. The polar caps are not centred on

the poles, but rather more to the nightside of them, due to the solar wind influence

shaping the magnetosphere. The regions bounding the polar caps, where the field

lines again become closed, are called the auroral ovals. This is where most of the
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Figure 2.2: Magnetosphere of the Earth, from Cravens [1997].

auroral activity occurs. The latitudes of the ovals also change with geomagnetic

activity.

The magnetosphere is populated by plasma, with important concentrations in

the radiation belts and the plasma sheet. The two radiation belts consists of charged

particles trapped in a mirror movement in the Earth’s magnetic field. In addition to

the mirror movement there are also gradient and curvature drifts moving electrons

eastwards, and ions westwards, giving rise to the ring current encircling the Earth.

The plasma sheet is a region within the central magnetotail (see. figure 2.2) on closed

field lines, consisting of hot and dense plasma. Particles from both the plasma sheet

and the radiation belts precipitate into the ionosphere and cause aurora. These

plasma populations are also intensified by substorms.

2.4 The ionosphere

The ionosphere is the partly ionised upper part of the atmosphere, beginning around

an altitude of around 60 km. The ionosphere contains both neutral and ionised

gases, and is nominally separated into different regions. The lowermost part of the

ionosphere, where the neutral atmosphere dominates is called the D layer, and is

followed by the E and F layers.

The E layer spans altitudes from around 90 km to 170 km, and is composed

primarily of O+
2 and NO+ ions. Whereas the D-layer is ionised primarily by solar

UV radiation, the energetic particle precipitation contributes as well as UV radiation

to the ionisation of the E-layer. Above 170 km and below 1000 km, in the F layer,

O+ is the dominant ion species [Prölss, 2004]. Incident solar radiation is the main

driver of ionisation of the ionosphere, and the D layer disappears completely during

night time due to recombination.
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Figure 2.3: The figure shows approximate heights ranges of different auroral forms.

PsA and diffuse aurora, which often coincide, appear at different altitudes. Repro-

duced from Lessard [2013].

2.5 Aurora

When energetic particles collide with the neutral gases of the ionosphere, energy

is transferred to the neutral components via excitation, ionisation, dissociation or

elastic collisions. Magnetospheric particles lost this way are referred to as precipita-

tion. Most of the deposited energy is released as heat [Prölss, 2004] but some energy

is eventually transmitted as optical emissions. De-excitation of excited gases back

to a ground state causes emissions seen in specific wavelengths depending on the

atmospheric species. These emissions are commonly observed in the polar regions

within the auroral ovals surrounding the polar caps and are called polar lights or

aurora.

The emission lines captured by the MIRACLE ASCs are green and red lines

of atomic oxygen, at 557.7 nm and 630.0 nm as well as the blue line, 437.8 nm,

of molecular nitrogen. The green and red lines both involve so called "forbidden"

transitions.

A prevalent type of aurora is called diffuse aurora. Diffuse aurora is caused

by particles (chiefly electrons) precipitating from the plasma sheet [Prölss, 2004].

Particles in the plasma sheet interact with electromagnetic waves in the plasma,

which may alter particle velocities, and decrease the pitch angle. Particles with

pitch angles initially outside the loss cone can then fall into the loss cone, and follow

the closed geomagnetic field lines further and precipitate into the atmosphere. These

precipitating particles typically have energies in the keV range, and produce diffuse

aurora at altitudes around 150 km. The typical emission heights of different types
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of aurora are displayed in figure 2.3.

Another type of aurora, discrete aurora, are much more spectacular than diffuse

aurora. Whereas diffuse aurora lacks distinct internal structure, discrete aurora

comes in clearly defined arcs and curtains dancing in the sky. Particles causing

discrete aurora are generally more energetic than those associated with diffuse aurora

and reach altitudes around 100 km [Lessard, 2013].

2.6 Substorms

Auroral substorms are observed as dynamic disturbances in an auroral display, and

illustrate a transfer of energy from the solar wind to the magnetosphere. Akasofu

[1964] defined two phases in an active auroral substorm, the expansive phase and

the recovery phase. In the expansive phase, an equatorward discrete arc explodes

into a large disturbance of bright, rapidly moving arcs and folds as it moves west-

and poleward. Eventually, the discrete aurora dims and makes way for diffuse and

patchy aurora, and the recovery phase begins. In the recovery phase, new arcs are

formed and arcs move equatorward, and the sky returns to a pre-substorm character.

The recovery phase involves high-energy electron precipitation in the morning sector

and is typically associated with PsA [Opgenoorth et al., 1994].

In the magnetosphere, energy is transferred from the solar wind as geomagnetic

field lines on the dayside reconnect with the IMF. Magnetic reconnection happens be-

tween antiparallel field lines, so a southward IMF component at the magnetospause

is a condition for reconnection on the dayside to occur. As initially closed geo-

magnetic field lines on the day side reconnect to the IMF, they become open and

move with the solar wind from the dayside towards the magnetotail. The increase

in open field lines also means an increase in size for the polar cap. The arrival of

southward IMF initiates the growth phase of a substorm [Prölss, 2004]. During the

growth phase, magnetic pressure builds up in the tail lobes as field lines accumulate,

plasma sheet electric currents are intensified and magnetic energy is being stored.

The energy is released during the expansion phase, as field lines reconnect in the

magnetotail, forming closed field lines accelerating towards Earth due to a release in

magnetic tension. At the other side of the reconnection a plasmoid is released back

into the solar wind behind Earth. Following the recovery phase, the magnetosphere

returns to its unperturbed state.
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Figure 2.4: Figure from Yamamoto [1988] showing a larger variation in pulsation

Off periods than in On periods, and a wide range of long periods.

2.7 Pulsating aurora

Pulsating aurora is night- and morningside aurora occurring in limited structures

with rapidly varying intensity, the aurora appearing to switch on and off with ir-

regular intervals of a few seconds. These intervals can change within a patch and

pulsations [Humberset et al., 2016], so pulsations can be highly irregular. PsA is rel-

atively faint, with emissions generally below 10 kR in 427.8 nm [Royrvik and Davis,

1977] but are related to high precipitation energies [Lessard, 2013]. PsA structures

can appear as structured arcs or diffuse patches Royrvik and Davis [1977]. No dis-

tinction is made between arcs and patches in this study, and PsA structures are

sometimes called patches within this text.

The pulsations characterising PsA are quasiperiodical changes in intensity, with

patches of aurora switching between high intensity, "On", and low intensity, "Off".

A typical PsA signature is illustrated by the intensity measurements in figure 2.5.

On periods display less variance than the Off periods, giving pulsation periods of 1

- 30 s, as shown by the results of the study by Yamamoto [1988] whose statistical

results are displayed in figure 2.4. Later literature [Lessard, 2013] gives shorter

typical periods around 8 s.

PsA is typically observed in the morning sector and in connection with the

recovery phase of auroral substorms, occurring in arcs, arc segments or irregular

patches [Royrvik and Davis, 1977]. Secondary and backscattered electrons form a

non-pulsating background of diffuse aurora [Evans et al., 1987]. PsA occurs along

13



Figure 2.5: Figure from McEwen and Yee [1981] showing precipitation electron

energy flux measured from a rocket, and the simultaneous intensity of emissions in

the 427.8 nm line measured from ground.

closed field lines, and so is found on the equatorward side of the auroral ovals.

PsA can often be seen in both the south and north hemispheres simultaneously

[Partamies et al., 2017].

Pulsating patches have horizontal extents of tens of km, but size and shape can

vary with pulsations, often growing as the patch is switched on and decreasing as

it is switched off. This has been termed streaming [Royrvik and Davis, 1977], and

non-streaming patches are called stable.

Pulsating aurora is associated with high-energy electron precipitation up to tens

of keV with suggested origins in particle-wave interactions near the equator [Lessard,

2013].

Several mechanisms have been suggested [summarised in e.g. Humberset et al.,

2016, dav] to be involved in the precipitation related to PsA, commonly involving

particle-wave interactions with VLF waves near the equator. A model considering

whistler mode chorus waves by Miyoshi et al. [2010] has provided results suggesting

lower band chorus waves drive the pitch angle scattering of the electrons causing

PsA [Miyoshi et al., 2015a].

The electrons precipitating are thought to be injected during substorms,
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Chapter 3

Method

3.1 Data and instrumentation

The data used in this study are series of All-sky camera (ASC) images from the

MIRACLE (Magnetometers - ionospheric radars - all-sky cameras large experiment)

instrument network. MIRACLE is operated by the Finnish Meteorological Institute

(FMI) and covers large parts of Fennoscandia. This study uses data from five

stations, Muonio (MUO), Kilpisjärvi (KIL), Kevo (KEV), Sodankylä (SOD) and

Abisko (ABK) in northern Finland and Sweden. The cameras are automatically

operated, and the data covers a period spanning the winters between 1996 and 2006.

During this period, all cameras were intensified charge coupled device (ICCD) based

devices [Sangalli et al., 2011]. The ASCs have overlapping fields of view, as seen in

the map of MIRACLE stations with ASCs in figure 3.1.

The main components of the MIRACLE ICCD ASCs are a 180� fish-eye lens,

a filter wheel, an image intensifier and a CCD detector (see figure 3.2). The filter

wheel contains filters for the blue (427.8 nm), red (630.0 nm) and green (557.7 nm)

emission lines, as well as an empty slot for unfiltered images and one blocked slot

for electronic noise[Sangalli et al., 2011]. In normal operation, the cameras take one

green image every 20 s and one red and one blue image every minute. The technical

specifications of the ICCD cameras are displayed in table 3.1.

3.2 Event selection from keograms

Keograms are time-latitude plots used for getting an overview of auroral activities

throughout the night. They are made by stacking the central north-south pixel

columns of the ASC images side by side. Partamies et al. [2017] used keograms

to visually identify the time periods of PsA corresponding to the data set studied

here, throughout this text called PsA events. Apart from the keograms they also
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Figure 3.1: Map of MIRACLE ASCs, with fields of view marked by black cir-

cles. Data from stations MUO (68.02�N, 23.53�E), KIL (69.02�N, 20.87�E), KEV

(69.76�N, 27.01�E), SOD (67.42�N, 26.39�E) and ABK (68.36�N, 18.82�E) were used

for this study.

Figure 3.2: Composition of a MIRACLE intensified CCD all-sky camera. Source:

FMI.
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Table 3.1: Intensified CCD all-sky camera specifications. From Sangalli et al. [2011].

Fish-eye lens Canon 15 mm, f/2.8

Additional optics telecentric lens elements

Filter Wheel 5-position filter wheel for 2-inch filters

Filters wavelength 557.7 nm, 427.8 nm and 630.0 nm

Filters bandwidth 2.0 nm

Exposure time 3 images/min (557.7 nm) and 1 image/min (427.8 nm and 630 nm)

Intensifier lens Canon 85 mm, f/1.2

Image intensifier Varo 25 mm MCP Gen II Image intensifier model 3603

Re-imaging optics Canon 100 mm, 3/2

CCD camera lens Fujinon 25 mm, f/0.85

CCD camera Pulnix 765E, 756 (H) ⇥ 581 (V)

A/D conversion 8-bit

Image size 512 ⇥ 512 pixels

inspected ASC images in order to adjust the start and end times, as well as to

confirm that PsA was the dominant auroral feature, i.e. that PsA covered most

of the image field of view. Partamies et al. [2017] looked primarily for patchy

structures, as pulsations themselves are difficult to detect in keograms. With the

goal of examining longer temporal behaviour of pulsating structures, events shorter

than 10 minutes are discarded for the analysis.

3.3 Cropping

The ASC images are more distorted at low elevations, so pixels near the horizon

will depict a larger part of the sky than the pixels near the zenith. This effect can

be calculated geometrically for different auroral heights, as displayed in figure 3.3

for heights from 90 km to 120 km. The outer 100 pixels, approximately the outer

30 degrees, are cropped from the ASC images to avoid large variations in actual

size between pixels. Before cropping, the differences in sensitivity between ASCs is

managed by subtracting the background intensity in the corners of every image.

3.4 Background modelling

In order to separate PsA from the image background, the background of an image is

estimated using background modelling, a family of techniques found in image analysis

17



Elevation (deg)
0 20 40 60 80 100

P
ix

e
l s

iz
e
 (

km
)

0

2

4

6

8

10

12

14
Pixel size vs. elevation angle

90km
100km
110km
120km

Figure 3.3: Plot showing how pixel size changes against elevation angle in the field

of view in the ASC for different heights.

and often used for motion detection in cameras. The slower moving background Ibg

is approximated by comparing image frames, and the foreground Ifg is identified as

the difference between the original images I and the background,

Ifg = I � Ibg. (3.1)

3.4.1 Separation method 1

This method has been developed by Björn Gustavsson (University of Tromsø) for

use with 2 s cadence image sets. The script takes a series of images corresponding

to one PsA event and returns a series of images with the slowly varying background

removed. This output set is expected to capture the quickly varying PsA in the

input images.

The separation method has five steps:

1. Spatial median filtering of the input images (noise reduction)

2. Spatial-temporal (2nd minimum) order filtering

3. Temporal maximum convolution filtering

4. Addition by a constant (error approximation)

5. Spatial median filtering of the output images (noise reduction)

Order filter

The order filter works akin to a minimum filter; a minimum filter is an order filter

assigning the region within the filter window with the lowest (first ordered) value

therein. The input images are order-filtered so that the second lowest value (second
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ordered) in a width-time dimension window of 3⇥3 pixels is assigned to the filtered

pixels. The order filter is meant to filter out pulsating pixels, and gives the image a

lower overall intensity.

Convolution filter

Next, in order to avoid sharp increases or decreases for each pixel (x, y, t
i

) in the

now order filtered I

bg

, the maximum of the two time intervals ending and starting

with t

i

is filtered by convolution with a Gaussian kernel. In 2 s data this ensures

that abrupt decreases or increases are not underestimated in the background model,

thus giving rise to false pulsations when the background is subtracted.

Error approximation

The modelled background at this stage typically has a lower intensity than the

original images after the two time filters. A constant I0 � 0 is added to each pixel

(x, y) of the modelled background to better fit the original image series. I0 is chosen

as the positive value that minimises the total mean square error MSE between the

probability density functions of observed differences

dI = I � (I
bg

+ I0) (3.2)

and an idealised distribution, assuming dI

ideal

follows a normal distribution,

dI⇠N (0, 1),

MSE =
tNX

ti=t0

(f(dI)� fideal(dI))2

N

. (3.3)

For this step, only pixels (x, y, t
i

) where the dI is negative are used, in order to

avoid pulsating-on-periods.

After I

fg

is calculated by subtracting I

bg

from the original input images I by

equation (3.1), I
fg

is put through a 3x3 median filter.

3.4.2 Separation method 2

Method 1 described above assumes a well-sampled time series. Considering that the

images with 20 s cadence are under-sampling pulsating aurora, a simpler method

could be employed.

The background is then modelled for each image as the pixel values interpolated

from the two surrounding images:

I

bg

(t
i

) =
I(t

i�1) + I(t
i+1)

2
. (3.4)
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When each pixel has been separated, a 3x3 median filter smooths out singular

pixels in the pulsating images I

fg

.

3.5 Identifying pulsating structures

After separation, the separated (foreground) image set Ifg should contain only PsA,

but other variations between frames, possibly due to clouds or movement and

changes in intensity in non-pulsating aurora can also be included as foreground.

Small intensity variations are avoided using a threshold value T � 0 for pixel

brightness, so that only intensity changes I
fg

> T are kept after separation. As the

threshold is positive, only pulsation-on-periods, where the intensity is higher, are

detected this way. Threshold values are determined for both using the evaluation

methods in section 3.9, typically using T = 3 for method 1 and T = 6 for method 2.

These values have been selected using visual evaluation, by comparing separation

results as displayed in figure 3.4.

Only patches with 100 or more connected pixels are counted towards patch size,

in order to further avoid small-scale fluctuations and noise. The patches are identi-

fied using the blob analysis tool from the Matlab computer vision system toolbox.

This gives the number of connected regions, the number of connected pixels as well

as the centre of mass and bounding box coordinates of the connected regions.

Once the actual size in km for each patch in a frame have been estimated, using

the pixel size in km for the centre of mass, the combined size of all patches in the

frame as well as the number of patches is saved.

3.6 Estimation of patch size

The actual size of the PsA patches are measured in km rather than pixels. Some

distortion from the fish-eye lens also remains in the cropped image. In order to

estimate the actual size of the PsA patches, the height and position in the image are

required. For each patch, the size in km of the pixel from figure 3.3 at the centre of

mass of the patch is approximated as the actual size of all pixels within the patch.

3.7 Energy proxies

3.7.1 Auroral peak emission height

The auroral heights used in this study are auroral peak emission heights, the altitude

with the strongest emission in the intensity profile. The auroral peak emission height
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Figure 3.4: Top left and top right images show the cropped all-sky images from

Kilpisjärvi 26/2 2014 UT 02:06:40 and UT 02:07:00. Middle left shows the separated

frame at this time, using method 2 on 20 s data, and bottom left using method 1.

Middle and bottom right shows the same separated frame using methods 2 and 1

subjected to a pixel intensity threshold T = 3 and blob analysis with minimum

patch size 100 pixels, i.e. the final output images.
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depends on the electron precipitation energy and the concentration profiles of the

neutral species [Whiter et al., 2013, and references therein].

The heights were acquired using a method described by Whiter et al. [2013].

The method is used with MIRACLE network ASC images to triangulate the peak

emission heights for image pairs with overlapping auroral structures. The method

projects the image intensity onto magnetic field lines, and compares the correlation

coefficient of the intensity profiles along the field lines over different stations. The

intensity profiles that provide the best correlation are then used to determine the

peak emission height by triangulation.

The peak emission height measurements are only used if they correspond to the

height determined using an alternative method. This method instead projects the

ASC images onto horizontal planes at different heights, and the height giving the

best correlation is taken as the auroral peak emission height for the image pair.

3.7.2 Emission rate ratio

Although only a small part of the precipitation energy is released in the form

of auroral emissions, optical information can be used as an energy proxy. Rees

and Luckey [1974] showed that the 557.7 nm/630.0 nm, 557.7 nm/427.8 nm and

427.8 nm/630.0 nm column integrated emission rate ratios can be used to indicate

a characteristic energy of auroral electrons. This characteristic energy is the energy

of the peak in an assumed Maxwellian for the precipitating electron energies. PsA

precipitation has been reported to follow a Maxwellian distribution [McEwen and

Yee, 1981], but more recently Miyoshi et al. [2015b] reported a gap in the energy

spectrum, which would mean two peaks instead of one.

The 557.7 nm/630.0 nm was initially chosen for this study because several events

lack images of the 427.8 nm emission line. The long lifetime (>100 s) of the excited

state in atomic oxygen producing the red 630.0 nm emission produces a delay that

makes it unsuitable for use with PsA, which varies on shorter temporal scales (up

to 30 s).

The column integrated emission rate ratio, intensity ratio or relative intensity for

a frame is calculated as the ratio of the median intensity of the green emission line

(557.7 nm) inside the PsA structures and the median intensity of the blue emission

line (427.8 nm) within the same structures. If there are several structures in a frame,

the median considers all structures.

The separated image is used as a binary mask on top of the original input image,

setting pixel values outside the identified structures to zero, and keeping the pixel

values within the structure. The median is then calculated from the pixels left within

the pulsating structures. The intensities used for the green line are interpolated, in
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order to match up temporally to the blue images which do not necessarily match

with a green line image.

3.8 Linear regression

Linear regression is applied separately to each event and parameter time series in

order to determine whether it tends to increase, decrease or stay constant. A least

squares approach is used to fit a straight line a+ bt to each parameter and event.

3.9 Method evaluation

The background modelling is tested in two ways. One way is making use of synthetic

images, simulating quickly pulsating patches on a slowly changing background. An-

other way is using the separation results from 2 s data set as a control, and comparing

it to the results from the two methods on a reduced set of the same series, equivalent

to a 20 s series. This 2 s data set comes from outside of the original data set, and

was recorded in Kilpisjärvi 2014-02-26 starting 02:00 UT with a newer instrument.

Like the large set of 20 s data, it captures a clear period of PsA.

3.9.1 Synthetic image testing

The synthetic images consist of a series of foreground images superposed on back-

ground images. The separation methods are assessed by how well the foreground

image is reproduced, in number of pixels correctly identified. The background im-

ages consist of changing Gaussian noise, and a 20⇥ 20 square with higher intensity

with a constant movement between image frames. The foreground consists of two

20⇥20 squares whose intensity is increasing and decreasing rapidly between frames.

One of these stays in one place of the image, while the other moves with a constant

velocity to the right.

Table 3.2: 50 frame synthetic image testing

Method No. indicated pixels False negative False positive

1 4345 0.84 0.012

2 23411 0.59 0.47

The results of the synthetic image testing show method 2 easily identifying

the foreground images that are simulating moving and stationary square pulsating

patches. However the non-pulsating square in the background is often also classified
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as foreground. Method 2 also picked up much of the background noise as foreground

before applying the blob analysis tool. For a synthetic image set of 50 frames and a

total of 27342 pulsating foreground pixels method 2 identified 23411, out of which

12333 pixels were correctly identified and 11078 pixels outside the pulsating squares

were misidentified as foreground pixels. These came from background noise sur-

rounding the pulsating square patches, as well as pixels around the non-pulsating

square patch. Method 1, in contrast, identified only 4345 pixels in total, out of

which 51 where misidentified. Method 1 could more easily identify the moving pul-

sating square, but had difficulty with the stationary patch. This difference between

the two methods is illustrated in figure 3.5 where method 2 indicates the moving,

non-pulsating square, and method 1 fails to indicate the entire stationary pulsating

square. The synthetic image testing yield high false negatives for both methods, as

seen in table 3.2. The low number of pixels identified by method 1 gives a very low

false positive.

Figure 3.5: The top left image shows how method 1 is not successful in replicating

the entire synthetic foreground (in yellow, bottom left), whereas method 2 (top

right) overestimates the number of foreground pixels by misidentifying the moving,

non-pulsating third patch of the total input (bottom right) as foreground. Out

of the three square patches in the total input synthetic image, the uppermost is

moving and pulsating, the middle patch is stationary and pulsating and the bottom

is moving and non-pulsating.
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3.9.2 Comparison with 2 s data

As method 1 was developed for use with 2 s cadence image series, the separated

images from such data may be used to asses the separation methods. The methods

are then assessed by how many of the pulsating pixels identified using a set of 2 s

data reduced to 20 s cadence are also identified by method 1 used on the full 2 s

data set.

This is done by first comparing each separated 20 s frame, as a binary mask,

with the 2 s separated binary images in the corresponding interval superposed onto

one image. The relationship between this "trace" image and the set of 2 s frames is

illustrated in figure 3.7, which displays a series of separated output images followed

by a trace image of the same images superposed into one image. The result of the

same interval separated using 20 s frames is presented in figure 3.4, showing two

cropped input ASC images separated by 20 s and the corresponding output images

before and after applying thresholds to size and intensity. These output images are

the ones that are compared to the trace image in figure 3.7, in order to find the

values plotted in 3.8.

As most pulsations appear in 2 s frames between the two 20 s frames, only a

fraction of the pulsations found using 2 s data can be expected to coincide with

structures identified using 20 s data. This also means that the trace of 2 s data

pulsations used as a control is larger than the pulsations possibly identifiable using

20 s data separation. Thus, some pixels coinciding with the 2 s trace could still be

misidentified noise, or moving non-pulsating aurora.

Comparing 2 s data separation with 20 s data separation show similar results for

both methods. Figure 3.8 shows the number of pulsating pixels that are indicated

from using both 20 s and 2 s data and for comparison the number of pixels identified

using only 20 s data. For this event method 1 gives a false positive rate of 0.41, and

method 2 a false positive rate of 0.52. While these rates are large, both methods

give similar qualitative results, as seen in the plots of average patch size later on

in figure 4.9 and the linear regression slope values in figure 4.10. Considering the

similar results, method 2 is preferable in this case thanks to its simplicity and faster

computation.
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Figure 3.6: Cropped all-sky images from Kilpisjärvi 26/2 2014 from 20:06:40 UT to

20:07:00 UT with steps of 2 s between frames.

Figure 3.7: 2 s data foreground frames from the 26/2 2014 event in Kilpisjärvi from

20:06:40 UT to 20:07:00 UT. Bottom right image shows the sum of the previous 10

frames, and is used to evaluate the separated frames in fig. 3.4 derived from 20 s

data. The corresponding set of 2 s frames are displayed in figure 3.6.
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Figure 3.8: 2 s data testing. The number of pulsating pixels identified per frame

using method 1 (top) and 2 (bottom) and 20 s data (blue) and number of pixels

identified using both 20 s and 2 s data (orange) for the test set. The difference

between the two lines are false positives.
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Chapter 4

Results

The separation procedure gives the total patch size, i.e. the sum of the areas of

each patch within a frame, as well as the number of patches. From these the frame-

averaged patch size = total patch size/number of patches is calculated. The frame-

averaged patch size, number of patches and energy proxies are plotted for each

event as a function of time after event start. Averages over all events are also used

to estimate the bulk behaviour of patch size and precipitation energy.

The separated images and time series resulting from methods 1 and 2 generally

show similar results both in quality and quantity of the temporal evolution of hori-

zontal size, number of separate pulsating structures and energy proxies (e.g. figures

4.2, 4.1) and shape of the pulsating structures. An example separation showing sim-

ilar patches for both methods can be seen in figure 3.4, where two sequential input

images are displayed together with separated images using both methods, before

and after applying minimum size and intensity thresholds.

The pulsating structures in the output image series occur as arcs or patches,

with some individual patches recurring within a few frames, as in figure 4.3. The

overall average patch size for the entire set is 513 km2 and 543 km2 using method 1

and 2 respectively. The 10th and 90th percentiles for the overall average patch size

are 180 km2 and 1078 km2 for method 1 , and 168 km2 and 1071 km2 for method 2.

The peak emission heights are not affected by the background modelling process.

The peak emission heights generally show little correlation with the size, number

and intensity ratio of the PsA structures. An exception is seen in figure 4.2, where

the height increases and remains stable between 02:45 and 03:00 when there are

many frames without any patches. This is not the case in 4.1, where the height

instead decreases after 05:00 when no more PsA is being identified. The fact that

height measurements are still available indicates that there still is aurora, either PsA

that is below the threshold size, stable aurora that is not pulsating, or PsA that is

not being identified by the separation methods.
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Most events show a stable or decreasing patch size. Figure 4.1 displays the

temporal evolution of frame-averaged structure size, number of pulsating structures,

intensity ratio and peak emission height of one such typical event. Not all events

follow a similar pattern and around 80 events instead display an overall increase in

patch size. Plots for one such event can be found in figure 4.2. As can be seen in

figures 4.1 and 4.2, the number of patches sometimes follow roughly the shape of

the pulsating patch size of an event, unlike the energy proxies. The intensity ratio

is undefined for frames with no identified patches.

The mean values taken over all events where PsA structures are identified are

Figure 4.1: Frame averaged patch size (top, black), number of patches (2nd from top,

magenta), intensity ratio (3rd from top, green) and peak emission height (bottom,

red) for a decreasing PsA event. The images used are 20 s data recorded by the

ASC camera in Muonio 2005-01-12, separated using method 1 (left) and method 2

(right).

Figure 4.2: Increasing size event from 20 s data recorded in Sodankylä 2005-03-08,

separated using method 1 (left) and method 2 (right). Frame averaged patch size

(top, black), number of patches (2nd from top, magenta), intensity ratio (3rd from

top, green) and peak emission height (bottom, red).
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Figure 4.3: Recurring pulsating patch binary images from KEV, 1999-01-25, sep-

arated using method 1. The UT epoch is, from right to left, 03:38:20, 03:39:20,

03:34:20 and 03:34:40. Between 03:38:20 and 03:39:20, as well as between 03:39:20

and 03:34:20, no patch was detected.

Figure 4.4: 10-minute filtered mean of total patch size per frame (top) and mean

frame-averaged patch size (bottom) in solid blue, with standard deviation of the

mean in dashed red lines.

shown in figures 4.4 and 4.5. Both the total and frame-averaged patch size show

a decrease in mean area as the time after event start increases (see figure 4.4).

The mean values for the energy proxies, peak emission height and intensity ratio

are displayed in figure 4.5. The intensity ratio remains fairly constant for the first

hours, signifying no changes in precipitation energy. The peak emission height

shows a different behaviour, with small dip in mean peak emission height during

the beginning of an event, which as was reported by Partamies et al. [2017] and

an otherwise constant behaviour. It is evident from figures 4.4 and 4.5 that the

standard deviation of the mean increases with event time, as fewer and fewer events

have frames covering that time period.
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mean peak emission height (bottom) in solid blue, with standard deviation of the
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Figure 4.6: Event length, including frames where the methods failed to identify any

PsA. One frame is equivalent to a time period of 20 s.
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Most events in figure 4.6 have lengths below 300 frames, or 1.7 h. As shown

in figure 4.7 where event length is plotted against event-averaged size the length

of events does not seem to affect the event-averaged patch size, apart from more

outliers in events below 2 h.
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Figure 4.7: Mean frame-averaged patch size over entire event plotted against event

length. One frame is equivalent to a time period of 20 s. The median event length

is 1.4 h, or 250 frames.

The methods and data used here find PsA to be most common around 02:00 UT

(Universal Time), about 05:00 magnetic local time. The histogram of frames with

one or more PsA structures is shown in figure 4.8. The distributions of mean frame-

averaged patch size in figure 4.9 show a relatively stable mean for the morning hours,

when there is much data available. Before 22:00 UT there are very few PsA events,

and consequently the mean frame-averaged PsA size has its greatest variation.

A linear regression

size = a+ bt

on each event shows a majority of negative slopes b in figure 4.10, with mean values

hbi1 = �0.61 km2

frame , or -110 km2/h for method 1 and hbi2 = �0.46 km2

frame , or -83 km2/h

for method 2. There are many values clustered around these means, and a few

outliers with high positive and negative values.

In order to assess the validity of examining PsA in undersampled data, the same

data set but with every other image frame removed is also examined. This results

in a 40 s time resolution, but the average trends remain the same. The total and

average size show a similar decreasing trend using 40 s data ( figure 4.11) as before

(figure 4.4).
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Most events occur in the morning after 02:00 UT. Magnetic midnight is around
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Figure 4.10: Histograms of linear regression slope coefficients b (size = a + bt) for

frame-averaged patch size, excluding 9 outliers.
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Chapter 5

Discussion and conclusion

In this study, two methods are used to identify the pulsating structures in MIRACLE

ASC image sets of 20 s time resolution in the green emission line. A large sample

size makes it possible to draw some conclusions on the average time dependence of

the horizontal size of the PsA structures, and compare it to the average energy char-

acteristics. Both separation methods show very similar results. Further decreasing

the time resolution to 40 s between frames also results in the same average temporal

behaviours.

There seems to be no clear UT-dependence of the average PsA structure size in

figure 4.9. The average values are more reliable between 22 UT and 5 UT, where

the majority of events take place. In this interval, the size stays relatively constant

around 550 km2 for both methods.

The frame-averaged size and the combined size of all structures in a frame, both

plotted in figure 4.4, decrease with time after event start. By the histogram of event

length in figure 4.6 most events have less than 300 frames, or 1.7 h. The averages

within this initial period are the most reliable.

If short events on average have larger patches than long events, the average

values in figure 4.4 would show an overall decrease with time. However, apart from

a larger spread in values among the more numerous short events in figure 4.7, the

event-averaged size seems not to be dependent on event length. The histogram of

individual regression lines for each event in figure 4.10 also point to a decreasing

size being a common temporal behaviour.

The regression line slopes reveal some (84) events with size increasing with time

after event start, such as the event in figure 4.2. There is no large difference in

average peak emission height between the increasing and decreasing event subsets

(112 km and 110 km), but the increasing events are on average shorter (173 frames,

ca 1 h), than other events (241 frames, ca 1.3 h). The increasing trends can simply

be a result of the event selection. It is likely that many events continue past the
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available data [Partamies et al., 2017], and if this data were incorporated it is possible

that the now increasing events would instead show an overall decrease. Examining

other parameters for the increasing events, such as magnetic indices relating to

substorm activity, could help determine whether they are indeed separate from the

events with a decrease in structure size.

Within the initial 300 frame period the intensity ratio show a near constant

average value, and the peak emission height displayed an initial decrease followed

by near constant behaviour. These characteristics differ from the steadily decreasing

average size, and no immediate correlation between precipitation energy and the size

of pulsating structures is evident. For this reason, structure size appears to be a

poor energy proxy by itself.

The initial dip in height found here and by Partamies et al. [2017] is expected

to correspond to a decrease in the 557.7 nm/427.8 nm emission intensity ratio, but

no such decrease is apparent. In addition the event time series show no correlation

(mean correlation coefficient 0.04) between height and intensity ratio. This unex-

pected result could be due to the different parts of the image each method uses.

The peak emission height method makes use of the part of the image with struc-

tures visible from two stations, whereas the intensity ratio only takes areas inside

of the identified pulsating structures into account. This makes the intensity ratio

vulnerable to weaknesses of the separation methods, and in frames where the sepa-

ration methods detects no pulsations there are no structures from which intensity is

sampled. Gaps are also present in the height data, as there are no height measure-

ments when the two different methods used by Whiter et al. [2013] do not agree.

The missing values for both sets of energy proxy data mean that they often do not

line up, which makes finding a correlation more difficult.

There are other potential issues with using column intensity ratio as an energy

proxy for PsA. The characteristic energy related to the intensity ratios by Rees and

Luckey [1974] is the peak in an assumed Maxwellian energy distribution. Miyoshi

et al. [2015b] reported a gap in the electron precipitation energy distribution, so a

distribution with two peaks rather than one. In case of an energy spectrum with

two peaks it is still possible that the intensity ratio accurately describes changes in

energy, if the entire spectrum shifts without changing its overall shape.

The slight long term decrease in precipitation energy suggested by the average

intensity ratio in figure 4.5 is especially unexpected. The average electron energy

generally increases towards the morning sector at the equatorward part of the auroral

oval for most IMF conditions [Newell et al., 2004].

Relating to energy deposition, an overall decrease in frame-averaged as well as

total patch size area is shown as average PsA behaviour, so a smaller and smaller

area is on average impacted by the energetic electrons related to PsA. Changes in
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PsA size do not seem to correspond to changing precipitation energy, as the energy

proxies did not show a similar negative trend. The results suggest that energy

deposition into the low atmosphere from PsA is on average the highest shortly after

event start when the peak emission height has dropped and the size and number of

patches remains large.

In summary, a large set of MIRACLE ASC-image series containing predomi-

nantly PsA can be used to study the average development over time of patch size

and energy proxies.

Two different methods of are implemented here in order to isolate the pulsating

structures in the ASC images. In this case method 2, background modelling by

interpolation, is deemed preferable due to its simplicity.

Most PsA events in this data set show an average decrease in patch size after

event start. Energy proxies remain constant on average apart from an initial decrease

in peak emission height. This decrease is not visible in the green/blue emission line

intensity ratio, which is relatively constant. The results show no clear relationship

between local time and patch size.
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Appendix A

Tables

Tables A.1 to A.6 contain the dates (yyyy, mm, dd), start times (hh0, mm0), end

times (hhN, mmN) and stations for all events in the data set used in this study.

Table A.1

yyyy mm dd hh0 mm0 hhN mmN Station

1997 11 24 01 20 06 00 KEV

1998 01 21 00 45 02 00 KEV

1998 02 20 02 25 03 50 KEV

1999 01 09 01 30 03 20 KEV

1999 01 24 02 40 06 00 KEV

1999 01 25 00 40 05 00 KEV

1999 03 10 02 15 03 15 KEV

1999 12 03 02 50 05 00 KEV

1999 12 05 02 00 05 00 KEV

1999 12 08 02 30 04 00 KEV

1999 12 08 22 50 00 00 KEV

1999 12 09 00 55 05 15 KEV

2000 01 27 01 00 03 00 KEV

2000 10 24 01 35 03 35 KEV

2000 10 27 01 00 02 25 KEV

2000 11 21 01 15 04 30 KEV

2000 12 09 01 40 03 10 KEV

2000 12 10 02 00 04 00 KEV

2000 12 19 01 00 03 00 KEV

2001 02 01 02 00 05 15 KEV

2001 02 02 01 40 03 40 KEV

2002 01 21 00 30 02 00 KEV

2002 01 21 03 00 04 00 KEV

2002 11 18 03 30 05 00 KEV

2002 11 21 02 00 03 30 KEV

2002 11 23 03 00 05 30 KEV

2002 11 28 03 00 05 00 KEV

yyyy mm dd hh0 mm0 hhN mmN Station

2002 11 29 01 50 04 00 KEV

2002 11 30 01 50 03 30 KEV

2003 01 31 02 40 05 30 KEV

2003 02 11 03 00 05 00 KEV

2003 11 09 00 45 02 25 KEV

2003 11 09 03 00 05 00 KEV

2003 11 10 03 45 05 15 KEV

2003 11 22 04 00 05 30 KEV

2003 12 01 01 50 03 05 KEV

2003 12 01 03 35 05 35 KEV

2003 12 13 01 25 04 30 KEV

2003 12 16 00 30 03 00 KEV

2003 12 21 02 10 05 00 KEV

2003 12 31 01 20 03 00 KEV

2004 01 06 01 45 04 00 KEV

2004 03 12 01 35 03 05 KEV

2004 11 13 02 00 04 00 KEV

2004 11 22 00 00 05 00 KEV

2004 11 26 01 30 05 30 KEV

2004 12 09 00 30 03 00 KEV

2004 12 11 22 55 24 00 KEV

2004 12 12 02 50 04 20 KEV

2005 01 15 02 50 06 20 KEV

2005 01 16 02 00 04 30 KEV

2005 10 27 01 35 02 35 KEV

2005 11 01 02 00 04 30 KEV

2005 11 03 02 00 04 45 KEV
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Table A.2

yyyy mm dd hh0 mm0 hhN mmN Station

2005 12 03 02 20 04 10 KEV

2005 12 11 01 50 04 50 KEV

2006 02 21 02 20 03 40 KEV

2006 03 11 01 50 03 00 KEV

1997 01 07 04 00 06 00 MUO

1997 01 27 03 00 04 30 MUO

1997 01 28 03 40 05 00 MUO

1997 02 27 02 00 04 00 MUO

1997 04 10 22 50 23 59 MUO

1997 09 28 00 28 02 50 MUO

1997 10 26 00 50 03 50 MUO

1997 11 10 03 22 04 50 MUO

1998 01 21 00 00 01 30 MUO

1998 01 30 04 20 05 30 MUO

1998 10 25 00 10 01 20 MUO

1998 10 25 01 45 04 30 MUO

1998 11 02 00 50 02 00 MUO

1998 12 30 00 00 03 45 MUO

1999 03 10 02 30 03 30 MUO

1999 11 10 00 00 02 10 MUO

1999 12 08 22 50 02 00 MUO

2000 02 07 01 40 05 00 MUO

2000 02 12 03 30 05 10 MUO

2000 12 19 00 15 01 30 MUO

2001 03 13 00 55 03 00 MUO

2001 09 25 21 10 21 50 MUO

2001 09 29 23 10 24 00 MUO

2001 09 30 01 30 03 00 MUO

2001 11 19 00 10 02 40 MUO

2002 01 11 04 20 05 00 MUO

2002 01 11 05 27 05 33 MUO

2002 01 12 02 00 04 50 MUO

2002 01 20 01 35 02 35 MUO

2002 01 20 23 00 01 00 MUO

2002 03 01 02 40 04 10 MUO

yyyy mm dd hh0 mm0 hhN mmN Station

2002 03 10 23 45 01 05 MUO

2002 04 13 23 00 00 25 MUO

2002 04 15 21 45 22 55 MUO

2003 11 07 01 30 04 20 MUO

2003 11 09 02 15 04 15 MUO

2003 11 09 22 30 00 14 MUO

2003 11 20 01 35 02 22 MUO

2003 12 06 03 50 06 25 MUO

2003 12 08 00 30 05 00 MUO

2003 12 13 01 15 06 00 MUO

2003 12 21 02 10 03 50 MUO

2004 01 19 02 00 03 30 MUO

2004 01 21 01 00 02 00 MUO

2004 01 22 02 45 05 45 MUO

2004 01 23 05 05 06 10 MUO

2004 03 02 02 20 04 05 MUO

2004 03 10 02 35 03 35 MUO

2004 03 11 20 20 21 40 MUO

2004 10 30 02 00 04 00 MUO

2004 11 01 00 50 01 50 MUO

2004 12 13 02 10 06 00 MUO

2005 01 12 00 00 02 30 MUO

2005 01 12 03 55 05 25 MUO

2005 01 15 01 45 06 10 MUO

2005 02 26 01 20 02 30 MUO

2005 03 08 02 12 03 46 MUO

2005 03 14 23 20 01 00 MUO

2006 10 29 00 00 02 15 MUO

1997 02 10 01 40 02 20 ABK

1997 09 29 01 25 01 59 ABK

1998 03 03 01 25 02 30 ABK

1998 03 04 02 00 04 00 ABK

1998 03 10 22 45 23 00 ABK

1998 03 11 02 55 03 50 ABK

1998 03 27 01 50 02 30 ABK
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Table A.3

yyyy mm dd hh0 mm0 hhN mmN Station

1998 10 25 03 50 04 40 ABK

1998 10 28 01 45 02 20 ABK

1998 11 06 01 05 04 00 ABK

1998 11 13 02 46 03 13 ABK

1998 11 16 02 05 04 00 ABK

1999 01 24 02 20 06 00 ABK

1999 09 20 02 00 02 40 ABK

1999 10 15 01 40 04 15 ABK

2000 03 07 01 20 03 50 ABK

2000 09 22 00 45 01 30 ABK

2000 09 26 21 25 22 45 ABK

2000 09 27 00 50 02 45 ABK

2000 09 28 01 50 03 00 ABK

2000 11 21 01 00 03 10 ABK

2000 11 22 01 15 03 10 ABK

2000 11 27 02 10 04 40 ABK

2000 12 05 00 00 04 45 ABK

2001 01 04 01 25 03 00 ABK

2001 01 23 03 00 04 00 ABK

2001 01 24 03 15 05 15 ABK

2001 02 01 01 50 05 20 ABK

2001 02 02 01 25 04 00 ABK

2001 11 19 01 00 02 00 ABK

2001 12 05 01 15 05 30 ABK

2001 12 24 00 25 01 25 ABK

2001 12 25 22 20 23 40 ABK

2001 12 30 00 20 02 50 ABK

2001 12 30 04 05 05 45 ABK

2002 01 11 04 30 06 50 ABK

2002 01 12 20 20 21 40 ABK

2002 01 20 22 50 02 00 ABK

2002 03 11 00 00 01 00 ABK

2002 03 31 21 00 23 00 ABK

2002 04 02 00 00 02 00 ABK

2002 09 19 23 50 00 50 ABK

yyyy mm dd hh0 mm0 hhN mmN Station

2002 10 14 02 25 04 00 ABK

2002 10 15 00 10 02 00 ABK

2002 10 17 01 55 04 20 ABK

2002 10 29 02 00 04 00 ABK

2002 10 31 00 30 04 30 ABK

2002 11 22 00 00 05 00 ABK

2002 11 23 03 40 05 30 ABK

2002 11 24 01 15 06 00 ABK

2002 11 29 01 40 03 40 ABK

2002 11 30 00 00 05 00 ABK

2002 12 03 02 15 05 30 ABK

2002 12 05 02 50 04 30 ABK

2002 12 06 22 45 23 25 ABK

2001 02 01 01 15 01 35 SOD

2001 02 23 00 12 01 08 SOD

2001 03 04 20 52 21 13 SOD

2001 03 05 01 16 01 25 SOD

2001 03 23 19 32 20 16 SOD

2001 09 23 19 55 20 06 SOD

2001 09 23 20 25 20 55 SOD

2001 09 24 00 20 01 39 SOD

2001 09 25 21 15 21 40 SOD

2001 09 28 22 00 22 28 SOD

2001 09 29 22 55 24 04 SOD

2001 09 30 01 10 02 45 SOD

2001 10 22 00 52 01 25 SOD

2001 10 23 02 30 04 10 SOD

2001 10 28 02 50 03 22 SOD

2001 11 19 01 30 02 10 SOD

2001 12 13 02 00 04 35 SOD

2001 12 18 00 40 03 00 SOD

2001 12 22 00 05 04 15 SOD

2001 12 25 22 30 23 55 SOD

2001 12 31 20 04 20 50 SOD

2002 01 01 03 20 04 40 SOD
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Table A.4

yyyy mm dd hh0 mm0 hhN mmN Station

2002 01 11 00 05 01 16 SOD

2002 01 11 03 01 04 40 SOD

2002 01 14 22 40 23 45 SOD

2002 01 18 00 20 00 36 SOD

2002 01 20 01 26 02 35 SOD

2002 02 17 22 18 23 07 SOD

2002 03 04 01 15 02 25 SOD

2002 03 07 00 22 02 00 SOD

2002 03 07 22 23 23 00 SOD

2002 04 15 21 00 22 50 SOD

2002 10 02 02 10 02 22 SOD

2002 10 16 21 55 22 30 SOD

2002 10 17 00 30 02 50 SOD

2002 10 18 00 05 03 45 SOD

2002 10 18 22 00 23 55 SOD

2002 10 19 00 00 02 05 SOD

2002 10 31 00 36 04 00 SOD

2002 10 31 23 00 00 30 SOD

2002 11 21 00 45 02 58 SOD

2002 11 28 02 25 03 40 SOD

2002 12 14 21 30 23 15 SOD

2002 12 21 23 11 23 50 SOD

2002 12 23 00 43 02 50 SOD

2002 12 23 22 50 23 15 SOD

2002 12 23 23 55 00 55 SOD

2002 12 25 00 50 02 50 SOD

2002 12 27 01 21 01 54 SOD

2002 12 27 04 50 05 31 SOD

2002 12 31 01 10 01 30 SOD

2003 01 04 01 20 03 15 SOD

2003 01 13 01 30 02 20 SOD

2003 01 14 00 45 02 05 SOD

2003 01 24 00 30 01 10 SOD

2003 01 24 20 15 21 20 SOD

2003 01 30 01 20 01 30 SOD

yyyy mm dd hh0 mm0 hhN mmN Station

2003 01 30 02 30 03 30 SOD

2003 01 31 00 10 01 40 SOD

2003 01 31 02 20 03 30 SOD

2003 01 31 03 50 04 00 SOD

2003 01 31 04 30 05 35 SOD

2003 02 11 00 00 01 10 SOD

2003 02 11 02 15 02 55 SOD

2003 03 01 00 05 02 30 SOD

2003 03 04 03 01 03 50 SOD

2003 03 12 22 10 22 45 SOD

2003 03 15 01 40 03 05 SOD

2003 03 27 21 05 21 25 SOD

2003 03 27 22 00 22 50 SOD

2003 03 27 23 00 23 43 SOD

2003 03 28 00 02 00 24 SOD

2003 04 01 01 00 01 15 SOD

2003 04 03 23 59 01 12 SOD

2003 04 22 22 10 22 37 SOD

2003 10 06 23 43 24 00 SOD

2003 10 14 00 47 01 30 SOD

2003 10 15 00 42 03 00 SOD

2003 10 19 02 25 03 26 SOD

2003 10 19 19 01 20 01 SOD

2003 10 21 02 09 03 18 SOD

2003 10 22 02 22 03 22 SOD

2003 10 22 17 10 18 06 SOD

2003 10 26 23 04 00 45 SOD

2003 10 29 00 00 01 31 SOD

2003 11 07 00 15 04 00 SOD

2003 11 09 02 30 03 20 SOD

2003 11 09 22 20 23 50 SOD

2003 12 05 22 45 23 50 SOD

2003 12 06 03 33 06 00 SOD

2003 12 13 01 07 04 02 SOD

2003 12 20 17 40 18 40 SOD
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Table A.5

yyyy mm dd hh0 mm0 hhN mmN Station

2003 12 21 01 55 04 45 SOD

2003 12 22 00 10 03 00 SOD

2003 12 22 22 44 01 00 SOD

2003 12 26 23 30 00 10 SOD

2003 12 31 21 00 21 10 SOD

2003 12 31 23 55 01 45 SOD

2004 01 01 02 00 04 30 SOD

2004 01 19 23 30 04 30 SOD

2004 01 21 20 30 21 20 SOD

2004 01 22 01 30 04 00 SOD

2004 02 15 22 50 00 30 SOD

2004 02 22 21 20 22 00 SOD

2004 02 24 00 50 02 10 SOD

2004 02 28 21 45 23 52 SOD

2004 03 01 20 40 21 15 SOD

2004 03 02 00 10 00 44 SOD

2004 03 02 01 16 01 44 SOD

2004 03 02 02 20 03 40 SOD

2004 03 10 02 30 03 05 SOD

2004 03 11 01 30 02 50 SOD

2004 03 11 20 25 21 45 SOD

2004 03 12 02 10 03 13 SOD

2004 03 14 23 30 00 12 SOD

2004 03 15 00 36 01 25 SOD

2004 03 17 00 31 01 40 SOD

2004 09 17 23 20 02 12 SOD

2004 10 10 02 40 03 20 SOD

2004 10 11 02 55 03 35 SOD

2004 10 13 22 56 00 35 SOD

2004 10 14 00 55 01 10 SOD

2004 11 03 23 30 00 45 SOD

2004 11 13 01 30 03 00 SOD

2004 11 20 23 30 00 25 SOD

2004 11 21 23 30 00 30 SOD

2004 11 28 16 05 18 30 SOD

yyyy mm dd hh0 mm0 hhN mmN Station

2004 11 28 20 30 21 50 SOD

2004 11 29 02 25 03 40 SOD

2004 12 08 23 55 02 00 SOD

2004 12 11 22 48 05 30 SOD

2004 12 13 01 15 03 50 SOD

2004 12 13 04 44 06 00 SOD

2005 01 04 02 00 03 00 SOD

2005 01 12 01 15 02 40 SOD

2005 01 12 04 05 05 25 SOD

2005 01 13 22 35 23 30 SOD

2005 01 14 23 05 06 00 SOD

2005 01 16 02 15 03 30 SOD

2005 02 06 19 55 20 45 SOD

2005 02 06 22 55 00 40 SOD

2005 02 07 03 13 04 13 SOD

2005 02 26 01 00 02 40 SOD

2005 03 02 02 05 03 30 SOD

2005 03 08 02 12 03 33 SOD

2005 03 08 20 30 21 30 SOD

2005 03 08 23 40 02 42 SOD

2005 03 09 03 06 03 30 SOD

2005 03 09 23 30 03 20 SOD

2005 03 14 23 00 01 13 SOD

2005 03 19 00 20 01 45 SOD

2005 09 01 22 35 23 20 SOD

2005 09 03 22 45 00 35 SOD

2005 09 10 23 38 00 28 SOD

2005 09 15 21 50 00 41 SOD

2005 10 27 00 35 02 00 SOD

2005 11 01 01 20 03 30 SOD

2005 11 13 03 10 04 00 SOD

2005 11 19 21 30 23 35 SOD

2005 12 10 20 10 21 00 SOD

2006 01 27 00 10 00 35 SOD

2006 01 27 00 45 01 30 SOD
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Table A.6

yyyy mm dd hh0 mm0 hhN mmN Station

2006 02 03 19 25 20 25 SOD

2006 02 20 20 40 21 00 SOD

2006 02 22 00 15 01 10 SOD

2006 02 28 20 50 21 00 SOD

2006 02 28 22 20 22 50 SOD

2006 03 06 22 15 23 20 SOD

2006 03 07 00 45 03 35 SOD

2006 03 19 01 45 02 35 SOD

2006 03 19 21 15 22 30 SOD

2006 03 19 23 20 24 00 SOD

2006 03 22 00 30 02 20 SOD

2006 09 29 00 05 00 40 SOD

2006 10 15 03 05 03 40 SOD

2006 10 28 22 50 04 30 SOD

2006 10 30 00 10 03 20 SOD

2006 11 10 22 32 03 30 SOD

2006 12 19 00 15 04 00 SOD

2006 12 20 00 00 00 24 SOD

2006 12 22 20 50 21 25 SOD

2006 12 22 22 25 23 00 SOD

2007 01 18 23 25 00 20 SOD

2007 01 20 02 10 02 45 SOD

2007 01 29 22 20 01 20 SOD

2007 01 30 02 35 04 30 SOD

2007 02 10 02 15 02 45 SOD

2007 02 15 03 00 04 00 SOD

2007 03 05 00 00 01 30 SOD

2007 03 16 23 40 00 30 SOD

2007 03 23 23 50 01 10 SOD

2007 03 24 01 46 02 24 SOD

2007 04 17 23 10 23 59 SOD

2007 09 20 19 38 20 43 SOD

yyyy mm dd hh0 mm0 hhN mmN Station

2007 09 22 01 10 02 10 SOD

2007 09 29 22 14 00 03 SOD

2007 09 30 00 25 01 00 SOD

2007 10 26 00 13 02 00 SOD

2007 12 12 02 20 05 00 SOD

2004 10 14 01 50 03 15 KIL

2004 10 21 00 30 01 50 KIL

2004 10 30 03 00 04 30 KIL

2004 11 20 01 45 03 24 KIL

2004 11 22 00 50 04 00 KIL

2004 12 11 22 55 23 35 KIL

2004 12 12 03 00 04 40 KIL

2004 12 13 02 30 04 10 KIL

2004 12 22 00 48 01 45 KIL

2005 01 02 02 00 03 35 KIL

2005 01 15 01 40 02 35 KIL

2005 01 17 04 25 06 00 KIL

2005 02 08 04 00 05 43 KIL

2005 02 14 22 55 23 15 KIL

2005 02 21 03 10 04 20 KIL

2005 03 07 03 15 03 30 KIL

2005 03 08 02 35 02 50 KIL

2005 04 06 01 00 01 22 KIL

2005 04 07 00 20 01 15 KIL

2005 11 06 01 34 02 05 KIL

2005 11 20 23 37 00 30 KIL

2005 12 11 02 00 05 30 KIL

2006 02 04 00 28 01 35 KIL

2006 02 28 22 38 23 04 KIL

2006 03 01 02 08 02 40 KIL

2006 03 07 02 20 04 00 KIL

2006 03 15 00 00 00 40 KIL
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