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Abstract 
 
 
  
 
A method to identify Ultra Low Frequency (ULF) Pulsations in the Cluster data material 
has been developed and tested. 
Data from the Electric Field and Wave (EFW) experiments have been analyzed with a 
Fourier technique to identify time intervals that includes ULF events. A developed 
computer program identifies the ULF event and creates a number of plots to describe it. 
Many ULF waves have been identified with the program, but the identification requires a 
manual step of selection as the number of identified “false ULF:s” is large. The program 
can use different thresholds for detection and can reduce the amount of data that have to 
be manually inspected with 70 % or more. 
Data from the year 2003 were used to test the method and for this period several Pc-4 
ULF waves have been identified. Most of these have low L-values and magnetic local 
times (MLT) around noon. 
Several ULF waves in the Pc-3 frequency range have been identified in the direction 
towards the sun at 14-19 Earth radii from the earth. 
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Introduction 
 
This thesis is about detection of Ultra Low Frequency (ULF) pulsations in the earth 
magnetosphere and nearby regions from a data material created by the Cluster satellites. 
These satellites have been measuring various properties of the earth magnetosphere since 
2001 and will continue until 2009 hereby creating a huge set of data to be analyzed.  
For many purposes, for example to identify low frequency pulsations the amount of data 
is large with respect to manual analysis. This thesis includes a method for automatic 
detection of ULF pulsations. Focus is on detecting pulsations in the lower region of the 
frequency spectra i.e. between 1-25 mHz. 
In chapter 1 a brief explanation of the physics relating to space plasmas in the earth 
vicinity is given.  
Chapter 2 describes the measurements setup and the relevant instrumentation on the 
Cluster satellites.  
Chapter 3 discusses the methods used in this thesis to detect the ULF waves.  
The results and conclusions are discussed in chapter 5-7 and at the end two appendices 
describe the developed code that was used. 
In the text ‘event’ signifies an interesting time interval in a signal and is used as a 
synonym to ULF pulsation and ULF wave. 
 
 
 



 6

 

1 Space Plasmas 
 

1.1 Magnetohydrodynamics 
 
Magnetohydrodynamics (MHD) deals with the dynamics of electrically conducting 
fluids. In MHD a plasma is defined as a fluid or a gas containing a dominant amount of 
charged particles which on average is electrically neutral. The system of charged particles 
is here treated as a continuum similar to a gas or a liquid but with the difference is that, 
for plasmas the effects of electromagnetic fields and currents are included.  
 
Important qualities of the plasma are densities of the respective particles (the ions, the 
electrons and the neutral particles) and temperature (energy distribution) for each type of 
particle.  
From these qualities, other characteristics of the plasma are derived.  
The Debye length is deduced by comparing Coulomb potential energy to thermal kinetic 
energy and it is a measure of the distance that an ion influences its surroundings [3].  
For a plasma with electron and protons the Debye length is given by Eq. (1)  
 
    
 2/12

0 )/( nekTD ελ =                                 [m]    (1)  
  
This at temperature T with a charge density n, k is Boltzmann’s constant, and e the 
electron charge. 
  
Similarly a characteristic frequency called the plasma frequency can be calculated which 
describes the natural oscillation of the plasma. Eq. (2) describes the plasma frequency for 
a charged particle with mass m 
 
 

2/1
0

2 )/( mensps εω =                                                  [rad/s]   (2) 
 
 
For unmagnetized plasmas the plasma frequency is the lowest frequency that an 
electromagnetic wave can have to be able to propagate in the plasma.  
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If the plasma is in a magnetic field the gyro frequency of a charged particle is of interest. 
It expresses the angular frequency by which a charged particle orbits a field line. For a 
charged particle with charge q and mass m in a field B the frequency is given by Eq. (3). 
 

mqBCS /=Ω                                                     [rad/s]   (3) 
 
By including the ion velocities a corresponding gyro radius can also be calculated. 
 
For a continuous description of the plasma we assume that the spatial scale is above the 
characteristic lengths and time scale above the inverted characteristic frequencies.  
The Debye length of the plasma in the magnetosphere is in the order of 100 m. 
It is assumed that the number of neutrals in the plasma is so low that the collision 
frequency is much lower than the characteristic frequencies. 
 
The combination hydromechanical principles and Maxwell equations forms the equations 
of MHD. 
Eq. (4)-(10) below are based on Maxwell equations for low frequencies and conservation 
of mass, moment and energy. Several simplifications and idealisations are possible [3].  
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The plasma is called cold, if the thermal pressure is unimportant in relation to the 
pressure that magnetic field exerts on the plasma. This magnetic pressure can be 
expressed by identifying parts of the term Bj

rr
×  in Eq. (5) which can be written as a 

gradient and hence comparable to pressure. This magnetic pressure is given by Eq. (11). 
 

0
2 2/ μBp B =             [Pa]    (11)  

 
Wave solutions can be derived from the MHD equations. These waves are called 
magnetohydrodynamic waves.   
With a linear approach and assuming a cold plasma situation two independent solutions 
can be identified [3]. The first mode is a transverse wave. This wave cannot move 
perpendicular to the B-field. Its phase speed is given by Eq. (12) and Eq. (13), where θ is 
the angle between the B-field and the wave vector. This wave does not change the 
pressure or density of the plasma but causes changes in the electric and the magnetic 
fields. The second mode is a compressional wave and this wave changes the density and 
the pressure of the plasma like an acoustic wave. The phase speed of the compressional 
wave is given by Eq. (12). 
 

)cos(θAph vv =                                              [m/s]   (12) 
 

2/1
0

2 )/( ρμBv A =                                       [m/s]   (13) 

 
vA is the Alfven speed and it is a characteristic parameter for a plasma in a magnetic field 
as it is the typical speed of a plasma accelerated by a magnetic field. For the 
magnetosphere the Alfven speed varies between 100-1000 km/s. 
For a warm plasma three solutions can be derived, two compressional modes called fast 
and slow mode respectively and one transversal mode.  
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1.2 The terrestrial magnetosphere 
 
The terrestrial magnetic field is a superposition of fields from the earth itself and from 
external sources. The internal field is generated by currents in the earth interior and due 
to remnant magnetization. This magnetic field is well described as a magnetic dipole 
tilted about 11 degrees relative to the rotation axis. 
The external components come from effects of the solar wind that continuously interacts 
with the earth magnetic field. The effect of this is quite significant. Around the earth a 
region called the magnetosphere is formed as is shown in Figure 1. This region comprises 
many different forms of plasma and a vast number of physical phenomena. Most of these 
have their origin in the solar wind.  
The solar wind is a plasma of mostly protons, electron and alpha particles that have 
escaped solar gravitation. This plasma has a thermal gas pressure of approximately 30 
pPa and density of about 7 protons/cm^3. Its radial speed towards the earth is varying but 
in average typically around 450 km/s. The speed of sound and the Alfvén speed under 
these conditions is about 60 km/s. 
 
 

 
 
Figure 1: The Earths magnetosphere (Picture from [6]) 
 
The earth magnetic field is an obstacle to the solar wind. As the solar wind plasma 
reaches the earth magnetic field the speed will be accelerated down to subsonic speed. In 
this process a non linear wave called a shock is formed. This shock is formed without the 
particles in the plasmas colliding but through the field interaction. The shock is spoken of 
as collisionless. The region in space where this takes place is called the bow shock. The 
nose of the bow shock is located about 14 earth radii from the earth and the thickness 
about 100-1000 km. 
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The magnetopause describes a region in space where the thermal gas pressure of the 
plasma will match the magnetic field pressure. This condition is given by Eq. (14)  
 

02/ μρ MSSWSW Bu =⋅                                                                             (14) 

SWρ  , SWu   being the density and the speed of the solar wind plasma 
 
This region is the outer boundary for the magnetosphere, the magnetosphere hence being 
a region which can be characterized by a dominating magnetic field. The inner boundary 
is the earth ionosphere which is a plasma region in the upper atmosphere created by the 
UV-light from the sun. 
Between the magnetopause and the bow shock there is a turbulent region called the 
magnetosheath where the plasma has subsonic speed and the where the magnetic field is 
weak. 
The magnetopause boundary is located around 10 earth radii in the solar wind direction 
but varies with solar wind intensity, as increased solar wind intensity will increase the 
thermal pressure near magnetopause and move the position of the equilibrium. 
On the night side the magnetopause is stretched out several hundred earth radii in the anti 
sunward direction. The corresponding region in the magnetosphere is called the 
magnetotail.  
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1.3 Ultra low frequency pulsations 
 
Many different types of waves are found in space plasma. 
One class consists of the Ultra Low Frequency pulsations (ULF) and these are the lowest 
frequencies to be found in a plasma. The frequencies are low in the sense that they are 
much lower than the natural frequencies of the plasma. 
 
Waves in the ULF frequency range have been observed in the earth magnet field for more 
than a hundred years. In the1950ies it was suggested that these observed fluctuation could 
in fact be MHD waves. The pulsations observed have conventionally been categorized by 
form and frequency as follows: 
 

1) Continuous: Quasi-sinusoidal in form and each with a well defined spectral peak 
2) Irregular: Pulsations in the same energy band at many different frequencies  

 
The pulsations classes used for ULF pulsations are found in Table 1. 
 
Table 1  Pulsation classes for ULF waves 

 Pc-1 Pc-2 Pc-3 Pc-4 Pc-5 Pi-1 Pi-2 

Time(s) 
 

0.2 - 5 5-10 10 - 45 45-150 150 - 600 1-40 40 - 150 

Freq 
 

0.2 – 5 Hz 0.1-0.2 Hz 22-100 
mHz 

7-22 mHz 2-7 mHz 0.025 – 1 
Hz 

2- 25 mHz 

 
 
A common approach is to consider the magnetosphere as an electromagnetic cavity [3]. 
This cavity would then have its own resonance frequencies and these would be standing 
waves along the magnetic field lines.  
For the magnetospheric cavity the boundaries are the ionosphere and the magnetopause. 
Considering a field line the boundaries are the positions where a field line coincides with 
the ionosphere. In the ionosphere the conductivity is drastically higher than in the plasma 
of the magnetosphere. This change in conductivity or impedance give rise to reflections 
to an incoming wave and by this reflection a standing wave is formed. 
If a standing wave is created the length of the field line would be an integer number of 
half wavelengths. 
Including the Alfvén speed in Eq. (13), the frequency for such a standing wave becomes 
(Eq. (15)): 
 
  )2/(2/ 0ρμlnBlvnf =⋅=                  [Hz]   (15) 
 
where n is an integer number and l the length of a field line. 
 
As seen in Eq.(15) the frequency would then be governed by magnetic field strength, 
plasma density, and length of the field line. 
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1.4 Coordinate systems 
 
Coordinate system that are used to describe the phenomena’s and processes in the 
magnetosphere are selected from context to context, to fit with specific problems. 
The common coordinate systems used in this thesis are presented below [3, 4]. 
 
Geocentric Solar Ecliptic System (GSE) 
X: From earth towards the sun 
Y: In the earth ecliptic plane pointing toward dusk 
Z:  YX ×  
 
Geocentric Solar Magnetospheric system (GSM) 
X: From earth towards the sun 
Y: Perpendicular to earth magnetic dipole, dipole axis in the XZ-plane 
Z:  YX ×  
 
GSM system is a rotation of the GSE system about the X-axis. 
 
Solar magnetic coordinates (SM) 
Z: Parallel to North magnetic pole 
Y: Perpendicular to earth-sun line towards dusk 
X : ZY ×  
 
SM system is a Rotation of the GSM system about the Y axis. 
 
Geomagnetic coordinates (MAG) 
Z: Parallel to dipole axis 
Y: Perpendicular to geographical pole axis and Z 
X: ZY ×  
 
The magnetic longitude is defined is defined in this system as arctan(Y/X), often 
expressed as an hour between 0-24. 
Magnetic Local Time (MLT) of an observation is defined as the magnetic longitude of 
the observation – magnetic longitude of the sun +12 h. 
 
L-MLT-SM Polar Angle Coordinates 
This system is used to describe position of the observed ULF pulsations in this thesis. It 
consists of the dipole L-value, MLT and the Polar Angle in SM coordinates. 
The dipole L-value is the distance from earth centre to where the dipole field line crosses 
the magnetic equator [3, 4].  
The L-value is realistic near the earth where the field can be approximated with a dipole 
field, for larger distances this L value will not at all reflect the real distance to magnetic 
equator. 
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2 Measuring electromagnetic fields with the Cluster 
satellites 

 

2.1 Cluster II Project 
 
The cluster II project involves four identical satellites launched in July - August 2000. 
They were declared functional in February 2001. 
Each satellite carries eleven different instruments measuring various properties of the 
magnetosphere [1].  Among these instruments, The Electric Field and Wave instrument 
(EFW) provide electric field data for low frequencies and the Fluxgate Magnetometer 
instrument (FGM) provides the magnetic field data. 
 
The orbits of the satellites around earth are tilted in such way that they pass the earth 
geographical poles. Time for one revolution is approximately 57 hour. Perigee and 
apogee are 3 and 19 earth radii respectively. Each satellite is rotating with a spin time of 
4 s and the axis’ of rotation for the satellites are nearly parallel to Z_GSE. 
Most of data parameters from cluster are averaged over one spin time. 
The distance between satellites will vary from a few hundred kilometers to a few earth 
radii. Relative to the magnetosphere the cluster satellites moves as described by Figure 2 
below. 
 
ORBIT: 
Elliptical polar orbit Perigee: 19 000 km, apogee: 119 000 km Period: 57 hours 

  
Figure 2 Orbit for the Cluster Satellites (Pictures from [6]) 
 
As seen in Figure 2 above the satellites move both in the tail as well as in the solar wind 
and pass the bow shock and the magnetopause. At perigee the satellites move (quasi-) 
parallel to magnetic field lines. These positions are likely favourable positions to detect 
ULF pulsations. With four satellites measuring the fields simultaneously it is possible to 
determine both spatial and temporal properties of the waves. 
The EFW instrument provides electric field data in 2 dimensions nearly coinciding with 
Y_GSE and X_GSE.  The FGM instrument measures the magnetic field in all three GSE 
dimensions.  
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2.2 Electric fields and waves – EFW 
 
The electric field is measured by calculating the potential difference between two 
sensors. As illustrated in Figure 3 the EFW instruments has two pairs of sensors and each 
sensor is placed at the end of a boom. The sensor is an 8 cm metal sphere and boom 
length 88 m tip to tip. From the boom pairs positioned in the spin plane by the centrifugal 
force, the electric field in the spin plane can be calculated.  
 
 
 
 
 
 
 
 
 
Figure 3 EFW setup (Picture from [7]) 
 
The EFW instrument can be operated in two modes, the EFW mode when it measures the 
electric field and in Langmuir mode to sense density variations in the plasma.  
In this thesis the interest is on data from the EFW mode only. In the EFW mode, the 
probes are actively controlled by a bias current to ensure a high quality measurement. 
This means adjusting for the effects that the probe itself causes in the plasma as well as 
effects of sunlight influencing the probes. 
Electric field data is created every 4 s and comes from a least square fit of a sine wave 
over the spin frequency.  
CSDS User Guide [1] points out one limitation and that is that data has not bee corrected 
for photoelectron asymmetries. The probable consequence of this is an offset in E field 
primarily in the X_GSE direction. For many wave studies one probably can accept these 
errors.  
   
The EFW data originate from the Prime Parameter Data Base (PPDB) [1] but include the 
Esun parameter as well. Esun is not included in PPDB because the expectations on the 
quality of the Esun parameter from the beginning were low, due to expected problem 
with induced fields in this direction caused by the photoelectron asymmetries mentioned 
above. In retrospect however the Esun parameter has been found useful. 
The field parameters data are available together with status parameters in cdf-files 
(Common Data Format). The cdf-files that hold the EFW data are named by date and 
satellite as C1_PP_EFW_20010101.cdf. 
Relevant EFW parameters to this thesis are found in Table 2 
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Table 2 Database parameters for EFW data. Examples are for Cluster 1 
Name Description Example of Variable Name 
Edusk Electric field , direction approximately 

equal to Y_GSE, measured in mV/m 
'E_dusk__C1_PP_EFW' 

Esun Electric field , direction approximately 
equal to X_GSE, measured in mV/m 

'E_sun__C1_PP_EFW' 

Epoch Time of measurement, Epoch format 'Epoch__C1_PP_EFW' 
Status Data quality and Instrument status 'Status__C1_PP_EFW' 

 
 

2.3 Fluxgate Magnetometer – FGM 
 
The magnetic field is measured with fluxgate magnetometers. The theory of operation is 
described below.  
A current drives the core of a toroidal made from a material with high permeability 
between positive and negative saturation see Figure 4. A sense winding picks up a 
voltage caused by the changing flux in the toroidal. With no external field the sense 
winding will pick up what the driving circuit induces. If however an external field is 
present the times when the core is saturated will change and lead to a shift in the signal. 
From this shift the external field can be derived. 
 

              
 
Figure 4 Operating principle for a flux gate magnetometer (picture from [8]) 
               
The FGM instrument on each cluster Satellite contains two tri-axial fluxgate 
magnetometers and a data processing unit. The magnetometers are called outboard sensor 
and inboard sensor as they are located on a 5.2 m radial boom. The outboard sensor is 
located at the end, the inboard sensor located at 3.7 m. Both sensors can be used as 
primary sensor, the outboard sensor is default. 
 
The FGM data that come from PPDB is available as cdf-files. The cdf-files that hold the 
FGM data are named by date and satellite as C1_PP_FGM_20010101.cdf.   
Relevant FGM parameters to this thesis are found in Table 3. 
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Table 3 Database parameters for FGM data. Example for Cluster 1 
Name Description Example of Variable Name 
Epoch Time of measurement, Epoch format 'Epoch__C1_PP_FGM' 
Status Data quality and instrument status 'Status__C1_PP_FGM' 
B_xyz_gse B-field. All three B components are 

merged into one variable. Unit is nT 
 

'B_xyz_gse__C1_PP_FGM' 

 
 

2.4 Auxiliary data - Satellite positions - AUX 
 
Auxiliary data includes data that describes satellite position and velocities. 
Data for the positions of the satellites belongs to a set called Summary Parameter Data 
Base [1]. This Data is averaged over one minute and also available as a cdf-file. 
The data file is common for the 4 satellites. 
The cdf-files that hold the data are named by date as CL_SP_AUX_20030101.cdf 
Relevant AUX parameters are found in Table 4. 
 
Table 4 Database parameters for FGM data. 
Name Description Example of Variable Name 
Status Data quality 'sc_status__CL_SP_AUX' 
Epoch Time of measurement, Epoch 

format 
'Epoch__CL_SP_AUX' 

sc_r_xyz_gse      position of reference, gse-
coordinates measured in km 

'sc_r_xyz_gse__CL_SP_AUX' 

sc_dr1_xyz_gse Position of cluster 1 relative to 
reference , gse coordinates in km 

'sc_dr1_xyz_gse__CL_SP_AUX'

sc_dr3_xyz_gse Position of cluster 2 relative to 
reference , gse coordinates in km 

'sc_dr2_xyz_gse__CL_SP_AUX'

sc_dr4_xyz_gse Position of cluster 3 relative to 
reference , gse coordinates in km 

'sc_dr3_xyz_gse__CL_SP_AUX'

sc_dr4_xyz_gse Position of cluster 4 relative to 
reference , gse coordinates in km 

'sc_dr4_xyz_gse__CL_SP_AUX'

gse_gsm              Rotation angle in degrees between 
GSE and GSM coordinate systems 

'gse_gsm__CL_SP_AUX' 

dipole_tilt           Rotation angle in degrees between 
GSM and SM coordinate systems 

'dipole_tilt__CL_SP_AUX' 
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3 Methods for analysis of data from the Cluster 
satellites 

 
 

3.1 Signal analysis 
 
The method for finding ULF waves in the Cluster data material is based on frequency 
analysis using a Fast Fourier Transform (FFT). The FFT is an algorithm to calculate the 
Discrete Fourier transform (DFT). The FFT as such is not used directly but the derived 
power spectrum density (PSD) which essentially is the square of the absolute transform.  
The PSD (Eq. (16)) describes the power content in the signal. Unit is signal power per 
Hz. 
 

                (16) 
 
For physical signals fn in Eq. (16) above will be zero outside a certain window. At the 
ends of this window the change in value will normally be quite abrupt and will cause 
what is called leakage in the spectra. Compare this window to step functions in the time 
domain. In frequency domain this will correspond to transforms that are spread out of 
over all frequencies.  
To deal with leakage, one normally multiplies another window function, a triangular 
window for example (often called a Bartlett window), to the function before 
transforming. The spectra can then be normalized with respect to this window.  
Many windows seems to work and it does not seem critical to find a precise one [2].  
In this thesis the PSD algorithm used is the P Welch method and with a Bartlett window. 
 
Another problem with the FFT comes from signal components with a times longer 
periods than the chosen length of the FFT. If such components are in the signal this will 
show up in the spectra and make peak identification in the lower side of the spectrum 
difficult. This is referred to as trends. Trends can be removed from the signal by 
calculating a least square linear or square function and then subtract this prior to 
transformation. This is called detrending and should be considered when dealing with the 
magnetic field data where the changes of the earth magnetic field as the satellites move 
show up as a slowly varying background. 
Removing data as suggested is a big change to the data and one has to be careful not to 
create new problems.  
 
To get statistical significance a rule of thumb is to use a FFT that corresponds to at least 
5-6 wave periods [5]. For a 2 mHz and 4 s sample time this means 625-750 samples.  
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The longer intervals the better statistics but a long interval will likely also an increase the 
variation in the spectra as the number of waves from different sources increases in the 
intervals. 
 
Digital filtering of data can be attractive in many situations for example in identifying a 
certain frequency band in a somewhat noisy environment or removing trends. Filtering is 
however also a major manipulation to the data. A leakage effect similar to the one 
described above can give problems with the first data samples in a time series. Filtering 
also changes the phase between different frequencies. 
On the other hand if filtering is not done an interesting event might be missed at visual 
inspection of the data. 
 
Major manipulation of data such as filtering and detrending should ideally be 
accompanied with manual observation before and after the operations. For an automated 
method this is something that has to be compromised. 
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3.2 Process for ULF detection 
 
The primary objective is to find events (i.e. ULF waves) that are suitable for further and 
deeper studies. In present context this means that the signals must be relatively coherent, 
have a nice form as it were, not to noisy etc. Some focus is put on waves corresponding 
to Pc-4. 
The method to detect events is based on Fourier analysis and hence the event in a time 
series will be defined in terms of spectral parameters. The work to create and update a 
method used to find specific events can be considered as a quasi iterative process. This 
reflects a trial and error type of process between definition of event and detection method 
like in the schematic in Figure 5. 

 
 
 
Figure 5 Process to improve the method. 
 
It is clear from visual observations of the signals that they vary significantly. The 
geomagnetic conditions goes from calm i.e. signals with small amplitudes and not too 
many different frequencies present to situations with high amplitudes and where many 
frequencies are present. Different method might be necessary for different types of 
conditions and different frequency intervals. The number of points used to calculate the 
PSD for example should perhaps be different for different frequency intervals as 
suggested in section 3.1. This is some rationale for using a process as in Figure 5. 
The spectral parameter that in the end is used to identify interesting data points represents 
a threshold. A low threshold would then accept many signals intervals as events, perhaps 
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too many to be a suitable method. Similarly a threshold can be set too high, which then 
would yield that events that we wish to identify is not found by the method.  
 
To keep track of identified events of different types and quality a simple database is used, 
see Table 5 and [10].  By testing a method against known events the range of the method 
can be roughly understood from what is detected and what is not. This database is also 
used to keep track of “non events”, i.e. failures or data intervals that we do not want to 
identify as an event. 
 
Table 5: Database for events  

 

# Signal Date Satellite 

Interval 
Start 
Time 
(h) 

Interval 
End 
Time 
(h) 

Appr. 
Aparrent

Frequency 
(mHz) 

 Appr. 
Amplitude  

(nT or 
mV/m) 

Event 
Type 

Quality 
(1-3) Comment 

1 
Edusk 

2001-11-
13 1 9 12 2 4 ULF 2  

2 
Edusk 

2001-11-
27 3 6,5 9,5   ERROR 2  

3 … …. …. … … … … … …. …. 
4 … …. …. … … … … … …. …. 

 
 

3.2.1 Process Steps 
 
The process to identify events from Cluster data includes the following steps. 
 

1) Qualify data 
2) Detection using Fourier analysis – identify events from one signal 
3) Qualify data that will describe the event 
4) Project found events on data 
5) Select events manually 
6) Manually characterize event and determine wave properties 

 
Used signals are the two E-field signals, the 3 B-field signals from the EFW and FGM 
instruments respectively and the coordinates given by the AUX-files. EFW and FGM 
data originate from PPDB [1] and must be considered as not validated. Discussion on 
data quality will start with data from the Prime Parameter files and not include the 
reliability and repeatability of the hardware or software of the measurement equipment. 
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3.2.2 Qualification 
 
To allow signal analysis such as filtering and Fourier transformation on the signals the 
data from the cdf-files must be slightly modified. The data has some quality issues that 
must be dealt with. Sections A-C below are directly related to the raw data and sections 
D-E are relating to other types of qualification.  
 

A. Time gaps  
The raw data is generally not time consecutive but include time gaps, i.e. the time 
difference between two time data points is longer than one sample time. For the treatment 
of the data it is convenient to have consecutive data as it then will be in a known state. 
This is done by inserting interpolated time values in the time data and leave the 
corresponding data point in the signal undefined.   
Signal data with small gaps of undefined data (typically a couple of sample times) can 
also be interpolated and this will increase the interval lengths of defined data. If this is 
not done some data has to be excluded from a Fourier analysis simply because the 
interval of defined data will be too short. 
 

B. Wrong status 
The accompanied status variables have values to indicate bad data, low quality data or 
similar as defined in the User Guide [1]. This data points can be set to undefined status 
and interpolated.  
 

C. Unreasonable data  
It is possible to include external definitions on bad data in the qualification. The most 
obvious filtering of this type is to change values that are unreasonably high to undefined 
status. Values like -1E31 (meaning “missing data”) for example are quite frequent in the 
EFW data  
 

D. Sort by another parameter 
Beside the qualification with respect to data quality it is reasonable to think data should 
be sorted with respect to some other parameters, a special time interval or coordinate 
intervals. 
 

E.  Filtering 
Another type of qualification used is filtering. For plots, band pass and high pass filtered 
data might be of value. In the FGM signals we are typically interested in variations in the 
order of a couple nT, this where the background can be several hundred nT. Another 
possibility for this situation is to detrend the data. 
 
The exact details on how the data is qualified varies with variable and the purpose of 
usage. It is based on the points A-E above. For more details refer to Appendix A. 
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3.2.3 Event detection 
 
Automatic event detection in this thesis is made from one time series  
The general recipe for event detection in this thesis is by using the following sequence: 
 

1) Calculate power spectral density functions using a FFT. 
This operation will give a spectrum where each spectral component is a function 
of time. Such a structure is referred to as a dynamic spectrum. 

2) Find interesting/adequate time intervals by sorting the dynamic spectrum by 
points with specific properties and intervals with specific properties. 

 
Many different measures are possible to use in order to sort out events. Two examples of 
algorithms are given below in figures 6 and 7. The events are essentially defined 
implicitly by the algorithms. Variants of these 2 algorithms have been used in this thesis. 
 

 
 
Figure 6 Example 1 of a detection algorithm 
 
The basic idea for the algorithm in  
Figure 6 is that the spectral qualities can vary in two dimensions, first as the average 
power varies and secondly as the concentration of spectral power (~coherency) varies. 

1. Calculate power spectral density functions using a FFT giving a dynamic spectrum 

2. Calculate a normalized dynamic spectrum .e.g. divide each component of 
the spectrum by the sum of the spectrum. 

3. For the frequencies of interest, sort the dynamic spectrum and the normalized dynamic spectrum 
relative to different specified limits 

4. For the frequencies of interest, identify small gaps between interesting time intervals and merge the 
intervals 

5. For the frequencies of interest, Identify Time Intervals with a length within specified limit. 

6. Merge Time intervals of different frequencies that overlap. 

Input: Qualified time series 

Output: Time intervals representing the events
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Normalization of a spectrum could for example be that each element in the spectrum is 
divided by the total power of the spectra. Such a normalized spectrum however is 
probably only of value if the frequency interval of interest is rather small.  
 
A dynamic spectrum can be thought of as matrix with row dimension representing time 
and column dimension representing frequency. Such matrices can be sorted with respect 
to specified limits. Consecutive time intervals that are long enough can then be 
considered as an event.  
The dominating frequency at each time point can be identified to create an average 
frequency description of the events. 
The output of a detection algorithm is time intervals that represent the events. 
 
A second similar algorithm is given in  
Figure 7. 
 

 
 
Figure 7: Example 2 of a detection algorithm 
 
  
 
 
 

1. Calculate power spectral density functions using a FFT giving a dynamic spectrum 

2. Calculate a time series from the dynamic spectrum that specifies  
a “peak property” of each spectrum 

  ,e.g. maximum value of a spectrum divided by a nearby value. 

3. For each frequency of interest, Sort the dynamic spectrum with respect to specified limits and relative to 
values of the peak-time series in 2 

5. Sort with respect to interval length.

4. Identify small time gaps between interesting time intervals  
and merge the intervals 

Input: Qualified time series 

Output: Time intervals representing the events
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The 2 detection algorithms above have 2 types of obvious problems: 
 

1) Not all events that we want the method to identify are identified. 
 
2) Events that are identified might not be interesting. 
 

By testing different thresholds for detection and analyzing results the impact of 1-2 above 
can be understood and possibly minimized. 
 

3.2.4 Project found events on time series 
 
Each found event i.e. a time interval can then be projected to whatever interesting time 
series that is available. Projection here means the corresponding interval of another timed 
object or a characterization of the found interval. 
Signals of interest here are the both the coordinates and the field data. 
The typical result of a projection is a plot showing the time series in the time interval 
specified by the event. 
Another type of output could be that the event is described on a parametric form, i.e. by 
some characteristic numbers, like average frequency, average amplitude or parameter 
used to detect events. The latter can be useful when improving the method or testing new 
thresholds. 

3.2.5  Selection of events 
 
Based on the generated plots and results on parametric form a manual selection is made 
out of the following qualities. This step is clearly subjective. 
 

1) Coherence (Subjective) 
2) Number of wave periods 
3) If the event can be identified on more than one satellite 
4) If the event can be identified in more than one time series 
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3.2.6  Characterize the event 
 
The events that pass the selection in section 3.2.5 are not studied in depth but 
characterized by the parameters below. The parameters will be estimated manually from 
the generated plots. 
 

1. Time of event, date and time of day (UT) 
2. Satellites where this event has been detected. 
3. Approximate field amplitudes for B-field and E-field. The approximate maximum 

value will be taken. 
4. Approximate frequency – averaged frequency from a plot.  
5. Coordinates – Calculated coordinates for the events, L-value/ MLT or the GSE 

coordinates. 
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3.3 Realization of Algorithms using Matlab7  
 
Routines in Matlab are developed imitating the process (1-4) in section 3.2.1 and the 
quasi iterative process in figure 5. The intention with the program structure presented 
below is to make it relatively flexible and easy to update and to test new detection 
methods. 
Clear structure is preferred to code efficiency. This preference however has its limits due 
to the fact that the method will not be useful if analysis takes too long.  
A simple data abstraction is used to represent the key objects in the process in a structural 
way.  
 
A single Time Series is represented as a cell with 2 vectors with time and signal data 
respectively: {Signal_CV, Time_CV} 
 
A Triple Time Series i.e. time Series’ of E-field, B-field or coordinates are represented 
as cells with 4 vectors, X, Y, Z and time respectively: {X_CV, Y_CV, Z_CV, Time_CV} 
 
Intervals, which can be used to describe found events for instance is represented as a cell 
structure with N vectors containing two elements each. 
{[Start1 End1], [Start2 End2]… [StartN EndN]} 
 
A dynamic spectrum , i.e. a Spectrum as function of time is represented as a cell with 3 
elements, 1 matrix with spectral data, 1 vector with time data and 1 vector with frequency 
data as { Spectral_M, Time_CV, Frequency_RV} 
 
A Configuration is an arbitrary cell that includes data that specifies how data is going to 
be processed. This cell can for example include the number of data points to be used to 
calculate the PSD, the event definitions etc. Configurations are used by the more 
compound functions that performs several tasks. 
 
In the timed objects like the time series data the Matlab constant ‘NaN’ (not a number) is 
used to signify an undefined point. 
 
The are 3 main tasks that the code must execute (Compare to Section 3.2.1).  
 

1) Read and qualify data: Returning qualified time series or triple time series.  
2) Identify events within the qualified data:  Returning time interval objects each 

interval specifying a found event. 
3) Project events on qualified data: Project events on time series data and generate 

plots, characterize the event, output files etc. 
 
 



 27

The 3 types of functions above is the foundation for the total process of event detection. 
They are all given 2 arguments each. The first argument relates to the data that is going 
to be processed, the second more to how the data is going to be processed. 
Data to be processed is for example a time series or a combination of a date and a satellite 
identification number that indirectly can represent a time series. 
The second argument is a string that refers to a cell with configuration values. These 
configuration values can partly determine how the data is processed and essentially 
define the parameters that the method uses.  
By this the same logic can be used but with different sets of configurations to reflect 
changes in method. 
A special function is constructed to deliver configurations from a given string. This 
configuration string is also used as a primitive form of traceability as it can be printed on 
plots and easily referred to. 
 
A similar function is used to define the data that is going to be investigated. A data 
selector delivers information about satellite, date, start time and end times. This data is 
hence a data set specifying time (date, start time, end time) and space (i.e. satellite 
number) of interest.  
Within this function various set of data are defined, for example the set of known ULF 
waves or the set of identified ULF waves in the bow shock etc. 
These set can be generated/sorted from the excel sheet data base into a csv-file that can 
be read by the data selector. Other sets can also be defined directly in the data selector 
itself by updating the corresponding matlab - .m file. 
  
For more details on code and code conventions refer to appendix A and [9]. 
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4 Results 
 
 
The code package developed in this thesis to detect ULF waves in the Cluster material is 
called CPACK [9]. The main tasks to qualify data, to detect events and to project found 
events are partly governed by so called configurations. 
The configurations used on CPACK functions are represented with strings and essentially 
points out how the data has been analyzed. This means that a configuration string points 
to a specific m-file function and to a specific set of data that are inputs to the function. 
These inputs are specified by CPACK_CONFIGURATION_SELECTOR.m which is the 
function that returns configuration values from a configuration string. 
The used configurations are explained in appendix B. An introduction to the CPACK 
code is found in appendix A. 
 
For the interpretation of the results below it must be pointed out that the final decision to 
whether a signal interval is an ULF event or not is subjective and done by the author. The 
selection has been manual and any quantitative conclusion must have this as a 
reservation. 
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4.1 Tests 
 
The following systematic tests where made using the routines in CPACK 
A brief description of each test (the configurations are the exact descriptions) is given in 
the description column in Table 6. Test 1-4 uses a detection algorithm similar to Figure 6 
in section 3.2.3. Test 5 uses an algorithm similar to Figure 7. 
 
Table 6:  Test made on cluster data  
No Data Set Investigated Configurations used Description 
1 Edusk  

Cluster 1  
2003  

To qualify data for event detection: 
'Q_EFW_CONF_1A' 
To detect ULF:s: 
'EVENTS_EFW_CONF_2B' 
 

Find ULF:s 8-17 
mHz .  
 

2 Edusk  
Cluster 1  
2003 

To qualify data for event detection: 
'Q_EFW_CONF_1A' 
To detect ULF:s: 
'EVENTS_EFW_CONF_2C' 

Find ULF:s 17-
22mHz 
 

3 Edusk  
Cluster 3  
Feb 2002 Feb 2003 
XGSE>8, Radius >10 

To qualify data for event detection: 
'Q_EFW_CONF_4A' 
To detect ULF:s: 
'EVENTS_EFW_CONF_2D' 

Find ULF:s 20-35 
mHz 
 for coordinates , 
XGSE > 8 and 
Radius from earth 
center is > 10 

4 Edusk 
Cluster 2  
2003  
L< 15 

To qualify data for event detection: 
'Q_LMLTPOLAR_CONF_1A' 
To detect ULF:s: 
'EVENTS_EFW_CONF_2A' 
 

Find ULF 2- 7 mHz 
for coordinates where 
L < 15 

5 Edusk  
Cluster 1  
2003 

To qualify data for event detection: 
'Q_LMLTPOLAR_CONF_1A' 
To detect ULF:s: 
'EVENTS_EFW_CONF_8A' 
 

Find ULF:s 8-17 
mHz. Compare test 1 

 
 
During the development of the methodology and software several tests were made on 
data between Feb 2001 and Feb 2005. The found events during this phase became the 
basis for the configurations 'EVENTS_EFW_CONF_2A','EVENTS_EFW_CONF_2B ' and 
'EVENTS_EFW_CONF_2C' that is used in tests 1, 2 and 4.  This means that the 
configurations used will find the already known ULF waves and that the method is 
expected to identify similar events in other time intervals. These configurations are also 
conservative meaning that the thresholds are somewhat low relative to the known ULF 
waves. 
 
'EVENTS_EFW_CONF_2D' was constructed to search for waves similar to a wave found 
2003-02-18 by cluster 1 at UT 17:00-18:00. This configuration was used in Test 3 
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All these 4 configurations describe how an event (i.e. time intervals that could be an ULF pulsation) 
is identified from a time series. The detection algorithm is similar to the algorithm described by  
Figure 6 in section 3.2.3. These detection methods identify peaks by comparing quotient 
of maximum value of the spectrum to the sum of the spectrum. 
 
'EVENTS_EFW_CONF_8A' refers to a detection method that identifies interesting intervals using 
the quotient of maximum value of the spectrum to its neighbor values  
Figure 7 in section 3.2.3). 'EVENTS_EFW_CONF_8A' was selected after studying 
several different sorting parameters applied to 12 events ( the first 12 events of Test 1 see 
Table 7) and 12 non-events (i.e. time intervals that are not ULF:s)  identified with Test 1. 

 
For each identified event 5 corresponding plots were generated and manually evaluated. 
3 of these 5 plots are found below. 
The plot examples are for an event found in Cluster 1 on 23 Sept. 2003 19:00 UT and 
they exemplifies the typical output of the code used to detect events. 
 
The plot in Figure 8 includes 5 sub plots. The subplot on top shows the signal in which 
the event was found. The plot below is a filtered version of the same signal and the three 
plots on the third row are the coordinates L, MLT and Polar angle as functions of time. 
On top of the plot there is some text explaining the event, which m-file that has been used 
which configuration and also some estimates of frequency, power and coherence of the 
signal. The estimated frequency is 22 mHz which coincides with saw tooth in left parts of 
the signal plots. Date of the event and date of analysis are also included in the top of the 
plot.  
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Figure 8: Plot of signal data and coordinate data for an event (Header is enlarged) 
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Figure 9 is a plot for the B field for one of the cluster satellites. Each plot shows the B 
field in XGSE-, YGSE- and ZGSE directions respectively. The plots also include the 
references to method and configurations. 
 
 

 

 
 
 
Figure 9: Plot of B-field data for Cluster 1 (Header is enlarged) 
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Figure10 shows the event projected on all four Edusk signals. The time intervals for these 
multi satellite plots were slightly expanded, 15-30 minutes (a configurable value) at each 
end, to address the fact that an event is not necessarily detected at the same time (UT) on 
all satellites.  
 

 
 
 
Figure 10 Edusk signal data for all 4 Satellites (Header is enlarged) 
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4.2  Summary of Found Events  
 
Tables in the coming sections show ULF:s detected and selected in the 5 tests. 
The ULF:s listed are the ones that had high quality by the means of section  3.2.5 above. 
For other found ULF:s not included in these tables refer to the excel database [9] that was 
used to keep track of events during the work of this thesis. 
Values of the parameters in the tables are approximates and made directly out of 
diagrams. 

4.2.1 Test 1 and Test 2 
 
Data Investigated is given by Cluster 1 during 2003 using the Edusk parameter. The 
purpose was to detect 7-22 mHz ULF:s. 
 
Table 7:  Results from Test 1 and Test 2 
# Date 

(YYYY-
MM_DD) 

App.Time- UT 
(hh:mm) 

Apparent 
Frequency 

(mHz) 

E field 
Amplitude 

(mV/m) 

B Amplitude 
(nT) 

L 
(Earth 
Radii) 

MLT 
(h) 

Satellite 

1 2003-03-17 10:40–12:00 10 10 6 5 23 1,2,4 
2 2003-04-03 2:00-4:00 18 5 1 6-7 1 1,2,3,4 
3 2003-07-28 19:30-20:30 19 3.5 1 5 14 1,2,3,4 
4 2003-07-31 03:00-5:10 17 5 2 5 14 1,2,3,4 
5 2003-08-04 21:00-22:00 8 2 2 5-7 14 1,2,3,4 
6 2003-08-07 08:45-9:30 15 3 1 6-8 15 1,2,3,4 
7 2003-08-21 13:20-14:50 8  5 2 4-6 13 1,2,3,4 
8 2003-09-02 11:40-12:50 11 2 3 4-7 13 1,2,3,4 
9 2003-10-03 9:00-11:00 8 1 1 4-6 11 1,2,3,4 
10 2003-10-17 15:00-17:00 7 2 0.5 4-7 9 1,2,3,4 
11 2003-10-20 01:20-2:40 10 3 0.5 4-6 9 1,2,3,4 
12 2003-10-24 18:30-21:30 5-8 6 10 4-12 8-9 1,2,3,4 
13 2003-11-17 13:30-14:50 17 2 - 4-5 7 1,2,3,4 
14 2003-03-03 03:30-5:35 20 1 - 5 23 1,2,3,4 
15 2003-03-18 10:25-11:15 30 3 3 18.5 12 1,2,3,4 
16 2003-04-07 02:05-02:40 20 1 3 23 10 1,2,3,4 
17 2003-04-24 12:15-12:55 17 2 - 5-6 21 1 
18 2003-04-30 08:45 -09:50 30 2 5 19 9 1,2,3,4 
19 2003-02-18 17:00-18:00 33 3 5 20 13 1,2,3,4 
20 2003-07-28 18:45-19:25 12 2 - 5 14 1,2,3,4 
21 2003-08-04 22:00-23:00 13 1 - 5 14 1,2,3,4 
22 2003-08-04 23:00-24:00 13 4 - 5-9 14 1,2,3,4 
23 2003-09-23 20:30-21:05 14 2 - 5-6 11 1,2,3,4 
24 2003-12-11 08:00-10:00 17 2 2 5-6 5 1,3,4 
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4.2.2 Test 3 
 
The background to this test was a 33 mHz coherent wave that can be observed by Cluster 
1 2003-02-18 17:00 UT extending in time for several hours and found in Test 2 , see 
figure 9. As a test of the application, this region in space was searched for similar waves 
in the 20-35 mHz range. 
 

 
 
Figure 11: Signal for  Edusk Cluster 1 2003-02-18 17:00 UT 
 
The data investigated is given by Cluster 3 between February 2002 and February 2003. 
Edusk signal was used for detection. Only data corresponding to satellite positions with 
XGSE > 8 earth radii with a distance from earth centre > 10 earth radii were included in 
the test. The result is found in Table 8. 
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Table 8:  Results from Test 3 
# Date 

(YYYY-
MM_DD) 

App.Time 
(hh:mm) 

Apparent 
Frequency 

(mHz) 

E field 
Amplitude 

(mV/m) 

B 
Amplitude 

(nT) 

X_GSE   
(Earth 
Radii) 

Y_GSE 
(Earth 
Radii) 

Z_GSE 
(Earth 
Radii) 

Satellite 

1 2002-03-19 01:00-01:30 36 1 3 14 -2 7 1,2,3,4 
2 2002-03-09 13:00-13:40 31 1.5 4 14 1 1 1,2,3,4 
3 2002-03-07 04:45-05:25 32 1 3 15 1 6. 1,2,3,4 
4 2002-02-16 06:10-06:40 37 1 3 15 6 5 1,2,3,4 
5 2002-02-16 04:05-04:50 30 1 10 14 6 7 1,2,3,4 
6 2002-02-12 04:30-05:05 31 1 3 18 4 -3 1,2,3,4 
7 2002-02-12 07:00-08:00 40 1 2 17 4 -5 1,2,3,4 
8 2002-02-12 10:00-10:30 34 1 3 16 3 -6 1,2,3,4 
9 2002-04-24 16:05-16:50 40 4 10 9 -14 -5 1,2,3,4 
10 2002-12-25 22:40-23:35 37 1 4 8 12 -9 1,2,3,4 
11 2003-01-08 09:20-09:55 21 0.5 4 10 15 1 1,2,3,4 
12 2003-01-21 03:00-04:00 40 2 4 12 6 -9 1,2,3,4 
13 2003-01-27 18:45-19:20 40 1 2 16 9 4 1,2,3,4 

 

4.2.3 Test 4 
 
Data investigated is given by Cluster 2 and the year 2003. Edusk was used restricted to 
satellite positions with L < 15. The purpose was to detect 2-7 mHz ULF:s. 
The result is found in Table 9. 
 
Table 9:  Results from test 4  
# Date 

(YYYY-
MM_DD) 

App.Time 
(hh:mm) 

Apparent 
Frequency 

(mHz) 

E field 
Amplitude 

(mV/m) 

B 
Amplitude 

(nT) 

L 
(Earth 
Radii) 

MLT 
(h) 

Satellites 

1 2003-09-23 19:30-22:00 3 2 2 5-10 11 1,2,3,4 
2 2003-10-05 16:50-18:00 5 2 1 5-10 10 1,2,3,4 
3 2003-10-12 20:00-21:00 5 1 1 8-12 10 1,2,3,4 
4 2003-08-14 

* 
10:00-12:30 6 3 5 4-8 14 1,2,3,4 

5 2003-09-21 
* 

11:00-13:00 6 2 1 4-8 11 1,2,3,4 

6 2003-05-25 10:30-11:30 5 1 10 4-10 18 1,2,3,4 
7 2003-09-26 05:20-06:00 6 5 8 6-11 11 1,2,3,4 
8 2003-10-29 11:30-14:30 7 12 25 5-10 8 2,3,4 

  
* Analyzed in [4] 
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4.2.4 Test 5 
 
In an attempt to improve the efficiency of the method a different detection method was 
used on Cluster 1 data for 2003, see section 4.4.2 on method efficiency. 
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4.3 Data quality 
 
8 simple investigations of the EFW, FGM and AUX data was made without any 
discrimination to satellite. Table 10 shows the result.  
 
Status[0] for the EFW instruments is never equal to 2, which would indicate a constant 
state of data that is not OK [1]. This status parameter cannot be used for qualification, as 
it is clear from visual inspections that the data is mostly realistic.    
It seem more reasonable to use status[1] for the EFW instrument as way to find bad data. 
Status[1] < 128 would mean “EFW is working”. This is what has been used in the 
configurations used for Tests 1-4. 
For the FGM instrument status[0] can be used for qualification, as only 0.05 % of the 
data has a status indicating bad data ( i.e. not equal to 2). 
The Auxiliary files does not have any bad data at all considering the Status[0] signal. 
 
Table 10:  Data quality  
No Dates Parameter Errors 

Relative 
frequency 
(%) 

Comment 

 
1 

Feb2001 – 
Feb2005 

EFW- Status[0] 
not equal to 2 

100 Error frequency is ratio between 
number of bad points/ total 
number of points 

2 Feb2001 – 
Feb2005 

AUX – 
Status[0] not 
equal to 2  

0 Error frequency is ratio between 
number of bad points/ total 
number of points 

3 Feb2001 – 
Feb2005 

FGM – 
Status[0]  
Not equal to 2 

0.05 Error frequency is ratio between 
number of bad points/ total 
number of points 

4 Feb2001 – 
Feb2005 

EFW- Status[1] 
> 127 

0.04 Error frequency is ratio between 
number of bad points/ total 
number of points 

5 Feb2001 – 
Feb2005 

128 >EFW- 
Status[1] > 7 

40 Error frequency is ratio between 
number of bad points/ total 
number of points 
Condition is that any of the four 
unit are in density mode. A lot of 
data has this status, but those 
checked show reasonable values. 
See for example C1 and C3 Sept 
21 2003 

6 Feb2001 – 
Feb2005 

EFW- Esun 
absolute value  
> 1000 mV/m 

3  

7 Feb2001 – 
Feb2005 

EFW- Esun 
absolute value  
> 1000 mV/m 

3  

8 Feb2001 – 
Feb2005 

FGM data > 
10000 nT 

<0.01  
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4.4 Method efficiency 
 
It is quite easy find time intervals where there seems to be a dominating frequency using 
the program. If the events signals are band pass filtered a common pattern for all 4 
satellites is often observed. On the other hand events that show coherent waves without 
any filtering are rare. 
If a low threshold is used, some very long intervals are occasionally found. For these 
events it is normally not easy to see if the event could be interesting or not since the time 
scale will not be adequate. A low threshold will also generate many events that are not 
very interesting.  

4.4.1  Examples of Problems 
 
The data qualification that has been used has its limits. It is clear that some artificial data 
enters the analysis. Consider for example, Edusk C1uster 1 2003-07-15 15:00 UT plotted 
in Figure 12. 
A similar signal can not be found in the FGM data. This appears to be a property of the 
instrument rather than the magnetosphere. Although some bad data is used to detect 
events it is not critical to the process. Mostly these artificial events are rather obvious as 
in Figure 12 below. 
 

 
 
Figure 12:  Incorrect data Edusk Cluster 1 2003-07-15 15:00 UT 
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Another similar problem occasionally observed is exemplified by 
Figure 13. The data is here 0 in some intervals giving signal a somewhat discrete look. To 
the better these are not either easily taken for a ULF when observed in the plot even 
though they might be considered as an event by the program. 
 

 
 
Figure 13:  Incorrect data 
A third problem observed is that the method sometimes detects single peaks as events. 
This is to a large extent to be found in the logic that identifies events. It can probably be 
removed with slightly smarter algorithm for event detection. A bigger problem however 
is when plotting a signal such as the signal in  
Figure 14 where the scale on y-axis is not adequate to show variations of a couple of 
mV/m. This can helped with a smarter plotting logic. 
 

 
Figure 14:  Peak making the scale unsuitable for a visual evaluation of the event 
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4.4.2 Efficiency 
 
It is difficult to find a good measure of how efficient a method is to identify events when 
so much depends on manual consideration. It can be worth however to relate the number 
of events that was found by the algorithm to the number of events that actually were 
found adequate (i.e. an ULF that could be worth studying). These numbers are obviously 
relative to the method that is used and is also subjective. If a definition with a low 
threshold is used, more events will be detected and so on. This relation is given in the 
points below. 
 

• For Test 1 1800 events were detected by the program which is about 5 events per 
day in average. 
For the first 177 days of test 1, 30 % of the time (about 872 h) was identified as 
event time. Out of the 900 events identified in this period 30 was found 
interesting. This gives an efficiency of about 3%.  

• For test 3: 14 out of 350 detected events were found interesting. 
• For test 4: 400 events in total were detected, about 30 of these were interesting 

 
Summarizing the results above, roughly 95% of all identified time intervals are not really 
interesting. 
 
The time it takes to evaluate a found event becomes interesting since so many 
uninteresting events are detected by the program. As the plots are saved as pictures with 
small size the time to examine an event can be as low as a couple of seconds and in most 
cases the plots are easy to interpret. Taking this into consideration the cost of having 
many uninteresting intervals plotted is not too high. 
 
To find a better method that does not identify so many uninteresting intervals as events, 
12 events (1-12 in Table 7) and 12 non-events were picked from Test 1. Several 
properties for these intervals were calculated then analyzed to see if a better measure (i.e. 
another parameter or combination of parameters) could be used.  Ideally the wanted 
measure would be able to sort the 12 events and the 12 non events completely i.e. a value 
could be identified that would separate events and non-events.  
The spectrum max value divided by the mean of the two neighbors 3 steps on each side 
of the maximum was chosen as a new sorting parameter as a result of such a study. This 
parameter is referred to as Max_to _3rd_Neighbor _Ratio. 
 
In 'EVENTS_EFW_CONF_8A' sorting is done by identifying points with Max_to 
_3rd_Neighbor _Ratio above 3. The detection algorithm is essentially the same as in  
Figure 7 in section 3.2.3. 
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'EVENTS_EFW_CONF_8A' applied to Cluster 1 2003 data gave 996 identified time intervals 
42 found interesting. These 996 events corresponded to 10% of the total time. This is an 
improvement if comparing the total time between Test 5 and Test 1. The problem with a 
lot of uninteresting intervals remains however. 
Another downside was that 4 of the events from Test1 / Table 7 were not identified as 
events (Item# 3, 6, 7, 11).   
Figure 15 (Item# 3 in Table 7) is an example of this. 
 

 
 
 
Figure 15 Cluster 1 2003-07-28 Edusk original signal and filtered signal 
 
In summary, a lot of uninteresting events were found using both methods. The conclusion 
is that none of the methods presented here is efficient when it comes to ULF detection.  
Still the total amount of data that has to be manually scanned is reduced with both type of 
methods and sorting out the uninteresting events is relatively easy. This compensates to 
some extent the many uninteresting events. 
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4.5 Quantitative aspects on found events 
 
The most obvious observations made from the found ULF waves are that many of them 
have low L values (Test 1 and Test 2). Of the 24 selected ULF waves in Table 7 20 have 
an L-value below 10 earth radii. Within these events an MLT around noon is clearly 
dominating.   
 
Test 3 and Table 7 shows that coherent Pc-3 ULF waves can be found far out from the 
earth in the direction towards the sun. The radius for the observation points are between 
14 and 18.5 earth radii. 
 

4.6 Caveats 
 
For details on problems refer to the Excel database [9] which includes examples of error 
or things that the code does not handle very well. 
A problem worth mentioning is that there are some problems when calculating L and 
MLT. 
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5 Conclusions 
 
The method to identify ULF waves with a fourier technique is working but requires a 
manual selection from the set of automatically detected events.  
By plotting several time series in the time interval identified by the detection method, it is 
quite easy to separate away uninteresting ULF events. Detection using conservative 
thresholds indicates that the data amount that has to be manually viewed is reduced to 
30% of the original amount of data. 
 
From test on data for 2003, a majority of the found and selected events in the Pc-4 class 
had low L- values and a magnetic local time typically between 10 - 15 hours. 
 
In the class Pc-3 ULF waves can be identified far out from the earth towards the sun at a 
radius above 14 Earth radii. 
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6 Suggestions for further improvement 
 
This method is very basic in several aspects and there are plenty of things that can be 
taken further. A few is mentioned below.  
 
 

• Define specifications for a “detection program” and improve the data structure to 
fit closer to the general problem of finding an event in a time series. This to make 
it easier to test new methods of detection. 

 
• Detection method and event definition. Clearly, to throw away 95% of the events 

detected by the method suggest that the efficiency can be improved.  
 

• Event presentation – Include logic in the export function that makes the plots of 
the events to select scale based on centre of gravity for the data and to split an 
event with many samples into several plots. 

 
• Create a better event database. An excel sheet only is risky. 
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Appendix A Matlab7 Code 
 
This appendix includes some information about the CPACK Program Package [9] used to 
detect ULF waves in the Cluster material. 
 
Global Variables 
Only local variables are used. 
 
Data Types  
The basic data structures in Matlab, cell, matrix, vector, scalar and string are used for the 
variables in the program. Several variables used are of type cell and consist of a 
combination of these data types.   
 
Variable names:  
 
With the exception of names for scalar data all variable names are of the form: 
 
[Content….]_DataType                                                             
 
It means that the variable names have a suffix after a subscript indicating the type of the 
data. Time_RV for example is a row vector containing time data in this convention. 
Data type suffixes used in the variable names are found in Table 11. 
In most cases the variable name consist of both capital and small letters, the exceptions 
are when acronyms are part of the variable name and for loop indices. The loop indices 
are named I, J, K or L and are always a capital letter. 
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Table 11 Explanation of suffixes 
 
Data Type Meaning Suffix 
Matrix A matrix in the matlab environment _M 
Row vector A  row vector in matlab environment _RV 
Column vector  A column vector in matlab environment. _CV 
String A string in the matlab environment _Str 
Cell A matlab Cell {} _Cell 
Parameter A Cell containing multiple input data to a function.  _Par 
Type String A string that is evaluated by a function 

The functions that generate Cluster filename do this 
by using File_Type , which can be ‘EFW’ , ‘AUX’ , 
‘FGM’ 

_Type 

Time Series A cell containing two column vectors one with signal 
data and one with the corresponding times  
{ Signal_CV, Time_CV} 

_TS 

Triple TimeSeries A cell containing 4 Column vectors 3 with signal data 
and one with the corresponding times 
{ X_CV,Y_CV,Z_CV,Time_CV} 

_TTS 

Reference String A string that is used as reference , for example to 
written on plots 

_Reference 

Spectrum as function of time 
(dynamic spectrum) 

A cell containing A matrix with spectral data over 
time , 1 column vector representing the times and one 
row vector representing frequencies  
{ Spectral_M, Time_CV,  Frequency_RV} 
 

_S 

Cluster Variable Name A string which is the  name of a cluster data base 
parameter 

_VariableName 

Cluster File Name A string which is the name for a cdf file  _FileName 
Directory A string with the name of a file directory _Dir 
Intervals A cell with a variable amount of 2 element row 

vectors representing intervals 
_Intervals 

 
 
Function Names:  
Name of functions are capital letters that begins with CPACK_. End indices are used to 
distinguish between similar functions for example compare CPACK_QUALIFY_EFW_1 
and CPACK_QUALIFY_EFW_2, names indicating that the functions performs similar 
task. 
Functions names that are purely written with small letters are then Matlab built in 
routines. 
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Semantic Conventions 
Some key word are used frequently to describe the content of a variable or the meaning 
of a function. Refer to Table 12. 
 
Table 12 Semantic Conventions 

Word Meaning  
Status Used to signify that elements in the object are 0 or 1  
Index Elements are indices, typically referring to a position in a vector 
Value A number that is not specified as Status or Index 
Gap A time gap is defined as the number of samples between to time stamps.  A 

status gap is an interval, where all data points having status = 0, between 
intervals with status = 1. 

 
 
Unit conventions 
 
Matlab internal format datenum is used for the times in the programs.  
 
Program Structure 
 
There are 6 types of functions in the CPACK code. 
 
Table 13 Types of functions 
Function type Explanation 
Main Functions Functions that do a complex tasks on a data set defined by 

CPACK_DATA_SELECTOR,  
Compound Functions Performs a limited but still complex task on limited data , like one 

certain date satellite , one time series etc. Compound functions uses 
configurations 

Selectors CPACK_DATA_SELECTOR returns data set containing 
information about satellites , dates start and end times which defines 
the data to be processed 
CPACK_CONFIGURATION_SELECTOR delivers a cell with 
configurations to be used by compound functions 

Simple functions Performs a specific and limited task , they do not use configurations 
External Functions used by CPACK GEOPACK and trace2equator.m are used 
Matlab build in functions   Functions in Matlab7 
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Main functions, 
 
Table 14 Main Functions 
Function Name Explanation 
CPACK_FIND_EVENTS_....:  
 

Qualifies data from files, defined by CPACK_DATA_SELECTOR,  
filter for events in the qualified data ,and projects the found events on 
plots that are saved to file 

CPACK_GENERATE_ 
DERIVED_DATA_FILES_.... 

Qualifies data from files , defined by CPACK_DATA_SELECTOR,  
calculates new derived data parameters and save those to cdf -file 

CPACK_INVESTIGATE_ 
EVENTS_.... 
 

Reads data from files defined by CPACK_DATA_SELECTOR and 
plots the time intervals 

CPACK_TEST_METHOD_.... Same type of functions as CPACK_FIND_EVENTS_....:  
Only different name 

CPACK_CHARACTERIZE_EVENTS_.... Qualifies data from files, defined by CPACK_DATA_SELECTOR,  
and exports characteristics for the data 

CPACK_STATUS_PROBE Investigates status for the data set defined by  
CPACK_DATA_SELECTOR, export results to file 

CPACK_VALUE_PROBE Investigates odd values for the data set defined by  
CPACK_DATA_SELECTOR, export results to file 

 
 
 
Compound functions 
 
Table 15 Compound functions 
Function Name Explanation 
CPACK_QUALIFY_... Reads data from a cdf file and qualifies data.  

Arguments are a cell with data to qualified  and a configuration string 
CPACK_EVENT_FILTER_.. Given a Times series the function returns a object of interval type 

specifying events. 
Arguments are a cell with data to analyzed  and a configuration string 

CPACK_EXPORT_EVENTS_... 
 

Projects Events on time objects , creates plots and save results to file. 
Arguments are a cell with data to exported and a configuration string 

 
 
Selectors 
 
Table 16 Selectors 
Function Name Explanation 
CPACK_CONFIGURATION_SELECTOR 
 

From a give string returns a cell with configuration parameters. In the 
case for CPACK_EVENT_FILTER_2, the cell specifies the number of 
data to be included in the FFT, how many data points in the moving 
average…etc 
A new configuration can be tested on function by updating this function, 
bad adding code or changing code 

CPACK_DATA_SELECTOR 
 

From a given string returns 4 corresponding row vectors containing 
information about date, satellite id, start time and end time. By updating 
this function new data set can be defined 
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Simple functions 
 
Table 17 Simple functions 

Function Name Explanation 
CPACK_INDEX_INTERVALS  
 

Create index intervals (of type Cell) from a given vector with status 
data. Index typically specifying positions within a vector 

CPACK_VALUE_INTERVALS 
 

Create Value Intervals (type Cell) from Index Intervals and a column 
vector with values that the Indices refer to. 
Typically a time intervals are specified in this way 
 

CPACK_UPDATE_INTERVALS 
 

Updates the intervals ( edits start and endpoint of each interval)   
 

CPACK_PROJECT_INTERVALS 
 

Project each intervals on a time defined object (e.g. a Times Series), 
returning a cell with a value for each interval. Output of this function  
is a cell   
 

CPACK_VALUE2INDEX_INTERVALS 
 

Returns index intervals from value intervals and a given Column 
vector 

CPACK_VALUE2STATUS 
 

returns a status vector from value intervals and a column vector  
 ( 0 if point of an interval can be found in the vector )  
 

CPACK_STATUS_GAPS 
 

From a vector containing status data ( 0 or 1) returns a vector that 
specifies the length of the gap that each point belongs to (0 if point is 
not in a gap = has status 1)   
 

CPACK_STATUS_GAPS_2 
 

same as CPACK_STATUS_GAPS but for matrices 

CPACK_STATUS_LENGTHS 
 

From a vector containing status data ( 0 or 1) returns a vector that 
specifies the length of the interval that each point belongs to  
 

CPACK_STATUS_LENGTHS_2 
 

Same as CPACK_STATUS_LENGTHS but for matrices 
 

CPACK_CREATE_FILE_NAME  
 

Create a typical cluster filename  
 

CPACK_CREATE_VARIABLE_NAME  
 

Create typical cluster variable names 
 

CPACK_READ_DATA_FROM_CDF 
 

Reads data into column vector(s) based on filename and variable name 

CPACK_INTERPOLATE  
 

Interpolates a column vector in positions defined by a status vector 

CPACK_TIME_GAPS  
 

Finds time gaps in a vector containing time tags and sample time 

CPACK_INSERT_SAMPLES 
 

Insert new samples (Valued ‘NaN’) to a column vector   

CPACK_CAR2SPH  
 

Convert a TTS from Cartesian coordinate 
system to spherical coordinate system 

CPACK_GSE2GSM 
 

TTS from GSE to GSM system, using an angle TS 

CPACK_GSM2SM  
 

TTS from GSM to SM system using an angle TS 

CPACK_GSE2_L_MLT_POLAR 
 

TTS from GSE to a derived system with L, MLT and polar angle using 
angle TS 

CPACK_GSM_L_MLT  TTS from GSM to L and MLT 
CPACK_PWELCH_SPECTRA 
 

Returns a dynamic spectra from a time series 
 

CPACK_PWELCH_SPECTRA_2 
 

Returns a dynamic spectra from a time series, difference to 
CPACK_PWELCH_SPECTRA is that FFT is not calculated for all 
possible intervals but restricted by a parameter GapBetweenSpectra 
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CPACK_NORM_SUM_SPECTRA  Norms the spectral matrix (dividing each sample with the row sum) 
 

CPACK_MOVING_AVERAGE moving average in the row direction for a spectral matrix 
CPACK_ROW_MAX  Calculates row max for a spectra 
CPACK_MAX_FREQUENCIES Finds the frequencies that correspond to the maximum value in a 

dynamic spectrum , returns a TS 
CPACK_FILTER Filters a time series 
CPACK_DETREND Detrend a time series 
CPACK_PEAK_VALUES Calculates a TS describing peak property of the dynamic spectrum 
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Appendix B Configuration 
 
Table 18  Important Configurations used by Compound functions in CPACK 
Configuration Name 
 

Explanation 

'EVENTS_EFW_CONF_2A' 
 
 

CPACK_FILTER_FOR_EVENTS_2.m 
Events are found using a 1024 points FFT (pwelch) 
Investigated Spectra in: 2-9.5 mHz 
Moving average of each frequency: 100 samples 
Peak value minimum: 0.2  -- 
Power min value: 50  Signalpower/Hz 
Interval length minimum: 100 samples’ 
 
See  
Figure 6 in section 3.2.3 , Normalization is done with respect to 
total energy (sum) 
 

'EVENTS_EFW_CONF_2B' CPACK_FILTER_FOR_EVENTS_2.m 
Events are found using a 512 points FFT (pwelch) 
Investigated Spectra: 8-17 mHz 
Moving average of each frequency: 100 samples 
Peak value minimum: 0.1  -- 
Power min value: 20  Signalpower/Hz 
Interval length minimum: 100 samples’ 
 
 
See  
Figure 6 in section 3.2.3 , Normalization is done with respect to 
total energy (sum) 
 

'EVENTS_EFW_CONF_2C' CPACK_FILTER_FOR_EVENTS_2.m 
Events are found using a 256 points FFT (pwelch) 
Investigated Spectra: 15-23 mHz 
Moving average of each frequency: 50 samples 
Peak value minimum: 0.2 
Power min value: 50 Signalpower/Hz 
Interval length minimum: 100 samples’ 
Configuration was called EVENTS_EFW_CONF_PC4+ during 
initial testing. 
 
 
See  
Figure 6 in section 3.2.3 , Normalization is done with respect to 
total energy (sum) 
 
 

'EVENTS_EFW_CONF_2D' CPACK_FILTER_FOR_EVENTS_2.m 
Events are found using a 1024 points FFT (pwelch) 
Investigated Spectra:15-35 mHz 
Moving average of each frequency: 50 samples 
Peak value minimum: 0.05 



 54

Power min value: 10 Signalpower/Hz 
Interval length minimum: 50 samples’ 
 
 
See  
Figure 6 in section 3.2.3 , Normalization is done with respect to 
total energy (sum) 
 
 

'EVENTS_EFW_CONF_8A' 
 

CPACK_FILTER_FOR_EVENTS_8.m 
Events are found using a 512 points FFT (pwelch) 
Investigated Spectra: 8-17 mHz 
Moving average of each frequency: 1 sample 
Peak value min (ratio between max peak and the 3rd neighbors’) : 3 
Peak value average for the whole interval (ratio between max peak 
and the 3rd neighbors’) : 3 
Power min value: 20  Signalpower/Hz 
Interval length minimum: 20 samples’ 
 
 
See  
Figure 7 in section 3.2.3 , Peak time series is defined by max-value 
of each spectrum divided by the mean of the values 3 steps away 
from the max peak value. 
 
 

'Q_EFW_CONF_4A' CPACK_QUALIFY_EFW_4.m 
Max amplitude of Edusk : 100 mV/m 
Max Gap that is interpolated: 5 samples 
Min XGSE: 5 Earth Radii 
Min Radii: 12 Earth Radii 

'Q_EFW_CONF_1A' CPACK_QUALIFY_EFW_1.m 
Max amplitude of Edusk : 100 mV/m 
Max Gap that is interpolated: 5 samples 
 

'Q_LMLTPOLAR_CONF_1A' CPACK_QUALIFY_LMLTPOLAR_1.m 
No particular sorting is done, data is only read from cdf file 

 



 




	 
	Abstract
	Introduction
	1 Space Plasmas
	1.1 Magnetohydrodynamics
	1.2 The terrestrial magnetosphere
	1.3 Ultra low frequency pulsations
	1.4 Coordinate systems

	2 Measuring electromagnetic fields with the Cluster satellites
	2.1 Cluster II Project
	2.2 Electric fields and waves – EFW
	2.3 Fluxgate Magnetometer – FGM
	2.4 Auxiliary data - Satellite positions - AUX

	3 Methods for analysis of data from the Cluster satellites
	3.1 Signal analysis
	3.2 Process for ULF detection
	3.2.1 Process Steps
	3.2.2 Qualification
	3.2.3 Event detection
	3.2.4 Project found events on time series
	3.2.5  Selection of events
	3.2.6  Characterize the event

	3.3 Realization of Algorithms using Matlab7 

	4 Results
	4.1 Tests
	 Summary of Found Events 
	4.2.1 Test 1 and Test 2
	4.2.2 Test 3
	4.2.3 Test 4
	4.2.4 Test 5

	4.3 Data quality
	4.4 Method efficiency
	4.4.1  Examples of Problems
	4.4.2 Efficiency

	4.5 Quantitative aspects on found events
	4.6 Caveats

	5 Conclusions
	6 Suggestions for further improvement
	7 References 
	Appendix A Matlab7 Code
	 
	Appendix B Configuration


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Europe Prepress Defaults)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [2383.937 1683.780]
>> setpagedevice


