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Abstract

The magnetic field in the solar atmosphere consists of many small loops which intersect the photosphere.  Charged particles are accelerated along these field lines and hit the photospheric plasma causing emission of radiation across the electromagnetic spectrum.  The ‘footpoints’ of these magnetic loops are anchored in some way in the solar photosphere – their movements are thought to be influenced by photospheric flows and possibly other as yet unconfirmed factors, e.g. electromagnetic forces.  The Michelson Doppler Imager (MDI) instrument on the Solar and Heliospheric Observatory (SOHO) spacecraft is able to detect these footpoints and thus we can track their movements.  There exists a program to manually track the movements of these features[1] – we shall attempt to fully automate this program, removing the need for manual input to track each feature, and compare the results with those taken manually.  Having obtained results we intend to analyse the movements of these footpoints.
Introduction

The solar photosphere is intersected by many small loops of magnetic field, and charged particles are accelerated along these field lines onto the ‘surface’.  These particles excite the plasma of the photosphere and result in emission of radiation across the electromagnetic spectrum.  The MDI instrument on board the SOHO satellite observes the Ni 676.8 nm emission line, allowing high resolution imaging of line-of-sight velocity, line intensity, continuum intensity and longitudinal magnetic field components.  The longitudinal magnetic field components are constructed by measuring  the Doppler shift in left and right circularly polarised light – the difference between these is approximately proportional to the magnetic flux density which in turn is effectively the line-of-sight magnetic field (averaged over the resolution element)[2].  This produces the magnetograms we will be using, which enable us to see the footpoints of the magnetic loops.  It is thought that the movement of these footpoints is affected by the photospheric flows and probably also by other factors, for example electromagnetic forces.

A program exists[1] to track these features using MDI data.  This program requires a user to choose a frame to start on and click on each magnetic feature in turn to give the program a starting point to track from, which is a repetitive and time consuming process.  To remove the necessity of repeated user input we shall create a program which finds the centres of all features in a given frame and call this procedure within the tracking program.  Having automated the tracking program we then intend to compare the results of this program with tracks taken manually (of the same data set).

Once we have recorded the tracks produced by the footpoints we shall analyse their movements, looking at overall displacement of features, comparisons between the movement of positive and negative elements and the distribution of velocities.

DATA
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We have used high resolution magnetogram data from the MDI instrument on board the SOHO satellite with one image recorded every minute, over a period of 19 hours, from the 15th Jan 1997 10:00:30 until the 16th Jan 1997 02:00:30.  Our data set is 383x562 pixels in size with a resolution of 0.605 arcsec per pixel, and is centred 261.295 arcsec north of disk centre [Fig. 1].  The data set follows the rotation of the Sun across the MDI 1024x1024 full field of view.  The data has been derotated (i.e. the rotation of the Sun has been compensated for) and smoothed, both over time and with a Gaussian function of width σ = 1.5px.  The time smoothing is over every 5 frames (five minutes), since the movement of a footpoint in 1 minute is negligible, and smoothing with a Gaussian emphasises the positive and negative features, making them easier to track.
Automation of the Tracking Program

i. Finding the Centres of Features      

[Line numbers in this section refer to Appendix: centrefinder.pro]

The main reason the existing tracking program requires constant user input is because the program needs to know where to start tracking from, i.e. the user must click on the centre of a feature to start the tracking process.  To remove this necessity we must create a program which will find the centres of all the features in a given frame and call this procedure within the tracking program.  The new tracking program will be passed the locations of centres from centrefinder.pro and track all the features present in the initial frame.  It will then use centrefinder.pro to find any new features in frame 10 and track these, and so on in increments of ten frames until the whole data set has been covered (some features only appear in later frames – not all are present at the start). 
The data used in this program is passed by the tracking program within which it is called (line 12) – it is one frame of the complete data set from which the tracking program requires feature centres to be found.  For our data set, we have chosen a threshold intensity of ±15.0 (line 21) – the program will initially look for all pixels above 15.0 or below -15.0 (positive and negative features).  There is an ideal threshold value for a given data set – setting a high threshold (i.e. 25.0) only picks out the strongest features, whereas setting a lower threshold initially increases the number of features found but eventually will lead to a decrease again, since if the threshold is [image: image2.png]


set very low there will be no gap between different features of similar intensity.  For example, consider a cluster of positive footpoints [Fig. 2] – between maxima the intensity does not fall to zero – there is a ‘plateau’ value.  If the threshold is set lower than this plateau value it will record these features as one area of large intensity and when we go to find a peak within this (a centre) it will only find the largest of the cluster.  Thus we must choose a threshold value that is a compromise between finding the as many possible features and not merging clusters of features into one.  The value we have chosen finds most footpoints and only a few clusters.  These few clusters of footpoints will be very close in space and intensity and it is probable that by the next frame in which we search for intensities (the next frame in which to look for new features to track) they will either have merged into one or separated enough to be located as individual features so they are not a problem as far as tracking is concerned.
Once the program has found all pixels with (absolute value of) intensity above the threshold intensity we have an array three columns in width (x co-ordinate, y co-ordinate, intensity) (lines 22-30).  This, however, is not split into unique footpoints – the WHERE function used to find pixels above the required intensity simply scans through the 2D image row by row, finding each pixels that meets the given criteria with the result that two pixels with the same y or x co-ordinate are not separated in any way.  We must therefore search through the array of co-ordinates to find discontinuities in x and y in order to split up individual features.

We start with searching by y co-ordinate (i.e. in the vertical direction) since the array is already sorted in ascending order by this column.  We search for any point where the y co-ordinate increases by more than one pixel (lines 34-46) – this is a break between features in the y direction.  We then create a new array with rows of ‘NaN’s (not-a-number) at these breaks – this is now an array of co-ordinates of features split in the y direction.

We must now split this array in the x direction.  Since we have already split the array into sections sorted by y co-ordinate we now need only to sort each of these smaller sections individually by x co-ordinate, thus we find where rows of ‘NaN’s are, giving us the boundaries of each section to be sorted (lines 66-70).  We start a loop here to sort each of these sections individually (line 78).  Each section is first sorted by x co-ordinate in ascending order (lines 85-88), allowing us now to look for places where the x co-ordinate increases by more than one pixel (lines 96-101).  Since we only need to find the location of the maximum intensity of a given feature (the centre) we do not need to keep one large array containing all the pixels above the threshold intensity – we can work with smaller sections of the array within the loop.  Thus when we split each section by co-ordinate we are creating a new small array for each separation (lines 114-121).  In some cases there may be a feature that is only a single pixel in size (i.e. one row in the array) – we discount these because the tracking program will not track a feature that small (line 124).  It is likely to disappear in the next frame anyway, but if it doesn’t it will be picked up as a proper feature in the next frame that is searched for centres.  
Occasionally, even after separating features by x and y co-ordinate, we still have sections where a positive and negative feature are mixed up.  Therefore, if necessary (lines 132,140,142), we take the sections that have just been split by x co-ordinate and split these again by intensity.  We first sort by intensity in ascending order (lines 146-151) then look for the change from negative to positive (or vice-versa) (lines 154-157).  We then perform this final split (lines 160-170). 
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Each time all the separations are performed we are left with a small array called ‘splitfilename’ which generally contains only one footpoint.  We then search this small array for its maximum value – the centre of a footpoint – and read this into an array of centres’ co-ordinates (‘centres’) (lines 198-108).  Finally, we remove excess zeros from the end of ‘centres’ (they are there because the array needs to initialised to a size (larger than required) before any data can be written to it) and it is passed back to the calling program, tracker.pro.  These are the starting points the tracking program uses to track all the footpoints present in that frame [Fig. 3].  Once it has tracked all of them, is calls this program again to find any new centres that have appeared in frame 10 and tracks them; and so on until all footpoints have been tracked over the whole data set (228 frames).
ii. Tracking Features

We have taken an existing feature tracking program[1] and adapted it to track fully automatically.  The original program requires the user to click on each feature centre, providing a start co-ordinate for the routine to track from.  Since some features first appear in later frames, after tracking all that appear in the first frame, the user must search through all the later frames to look for new features to track.  For this data set, the whole process can take as long as a few days.  With our automated program, this is reduced to a few hours.  
The tracking program works by taking a start co-ordinate (the centre of a feature) and selecting a small area of 18 pixels in width around this co-ordinate in which to fit a Gaussian function (large enough to allow a Gaussian to be properly fitted).  This small area is smoothed with a Gaussian of width σ = 3 pixels (one third the half width of the selection box), emphasising the feature to be tracked and smoothing out any surrounding peaks – this is an essential process since the tracking routine may jump to a neighbouring feature if it gets too close.  To further enhance the main feature (and thus make the tracking routine even more reliable) we eliminate any data of opposite polarity in the selection box (the fitting routine will fit positive or negative equally well).  Once these processes are applied we use the IDL routine GAUSS2DFIT to find the centre of the peak in the selection box – the centre of the magnetic element being tracked.  This routine works by moving a Gaussian function across the selection in x and y until it finds a best fit in both simultaneously.  The location of the peak of that two dimensional Gaussian is then the centre of the feature.  It can also tell us the size of the feature (the a and b parameters of the fitted ellipse), and the rotation of the feature (rotation of the ellipse axes).  The program then loops back and takes this centre co-ordinate as the new start point, re-centring the selection box around this point and applying the routine again.  Thus the program follows the movement of the feature frame by frame, recording the centre each time and thus allowing us to see the movement over time.  The program also records the intensity and polarity of each feature.  This tracking procedure is repeated for every magnetic element and all recorded into an array.
The program is designed to stop tracking and move on to a new feature if the feature gets too faint, if it moves off the edge of the data or if it moves too far (more than 1.5 pixels) in one frame (meaning the tracking routine has jumped to a different feature, since they do not move much over one frame).

In automating this program we have replaced the user input of clicking on a feature to provide a start co-ordinate with an array of centre co-ordinates provided by centrefinder.pro.  The tracking program calls this as a procedure, passing it the frame to search on, and it returns an array of co-ordinates of centres.  In later frames, it will be the case that many of the centres found by centrefinder.pro are actually features that have already been tracked from an earlier frame.  In order to eliminate these co-ordinates we search through all existing recorded (tracked) centres for that frame and if any centres match any of these to within ±1.5 pixels we know it is not a new feature.
The results produced by the automatic tracking program are very good.  It picked up almost all the features that were picked up manually as well as some extras, because it is accurately picking up anything above the threshold value, some of which a user may have decided were too faint to try and track [Fig. 4].  We have correlated the manual and automatic tracks to find out how accurately they match – we did this by turning the arrays of co-ordinates into images, where the pixel at each co-ordinate was set to one with all others zero (giving a black and white image of the paths features took).  We then applied the IDL routine C_CORRELATE, which calculates the cross correlation of two sample populations X and Y as a function of the lag, where the lag is “a scalar or n-element vector specifying the signed distances between indexed elements of X”[3], which can be thought of as the distance it will look around a point in X to correlate it with Y.  A result of 1 would be an exact match, 0 would be no correlation at all.  We can see visually [Fig. 4a & 4b] that our data matches very closely so a small lag will give the best results.  We can see that our best correlation is 0.74989, a good result, showing that our automatic and manual tracks match well [Table 1].   
	Lag
	Correlation

	-5.0
	0.0963171

	-1.0
	0.5196030

	-0.5
	0.7498900

	-0.1
	0.7498900

	0.1
	0.7498900

	0.5
	0.7498900

	1.0
	0.5262410

	5.0
	0.1116390
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Analysis of Results
i. Relative Movement of Magnetic Elements
It is not known exactly what influences the movements of these magnetic elements.  It is probable that they are influenced by granular flows on both large and small scales as well as electromagnetic forces.  To look for a trend in a particular direction we have plotted the paths of each element from a common origin [Figs. 5a & 5b]. 
The positive elements (Fig. 5a) show a definite trend towards the top right.  A trend to the right could indicate that the rotation of the Sun has not been completely eliminated, and we believe that this is a contributing factor, but not the sole cause since the negative elements (Fig. 5b) also show a slight trend to the top right.  The reason for the vertical component of the trend is probably because we used an average derotation value which will be most effective in the centre of the data set but less so towards the top and bottom edges.  However, none of the positive elements move towards the bottom left, unlike the negative elements, suggesting that there may be some force acting that influences positive elements more than negative.  In the left hand side of the plot of the positive elements there is a recurring pattern – several features have taken a similar path.  It is possible that this is several features merging – they take independent paths to begin with then merge and follow the same path.  There are similar matching features in the plot of negative elements.  Also, we can clearly see that there were more positive than negative elements in this data set.
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ii. Movement of Elements Over Time
To observe the trend of the movement of all the features over time we have initially plotted histograms of their displacements over their lifetimes.  The displacement is the straight line distance from its origin travelled by an element in the given time interval.  The elements have been grouped into bins with fewer bins as the time interval increases, since fewer features have very long lifetimes.  We have then fitted a Gaussian to each histogram to help observe the overall trend of movement [Figs. 6a-v].

Although we are not sure the Gaussian fits are completely accurate, we can see that there is a trend towards the right over time.  The earlier histograms are more Gaussian in distribution than the later ones since there are more features present.  We can also see that as time progresses the spread in displacements increases, suggesting that some features speed up while others slow down – the overall movement is not uniform.  Also, since the Gaussian is moving to the right as time progresses, we know that there must be some overall force acting on the magnetic elements – if their movements were completely random, following true random walks, the Gaussian fit would not be displaced, it would simply become broader as the distribution spreads out. 
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A plot of feature lifetime against total displacement shows us the total displacement of each feature from its origin at the end of its life [Fig. 7].  We can see that there is a wide spread in total displacements, with some features having travelled a large distance from their start point over their lifetimes and others having almost no overall displacement regardless of how long they existed.
We know that it is likely that features’ movements are influenced by granular flows – we would expect to see some appearing in the centre of supergranules where material is upwelling and moving rapidly towards the edges where material sinks again.  This would give a large displacement relative to lifetime.  However, once features reach the granular boundaries they generally remain there for some time with little net movement – this explains features with long lifetimes but a small overall displacement.  We see some magnetic elements which appear to travel in circles, roughly circling around their origin, or simply moving very little – these are likely to be the elements on the boundaries.  We see others take long direct paths – it is probable that these are features moving rapidly away from the centres of supergranules, which are of the order of 30,000km across on average[4].  The upper limit on the displacement of features from their origins is therefore approximately equal to the supergranular radius, suggesting that features may indeed be appearing within them and moving towards the edges.
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It is interesting to compare the total displacement of features from their origin with their total distance travelled, i.e. taking into account their random motions.  This introduces the idea of random walks for the elements.  The magnetic elements do not travel in smooth, straight lines – they meander, but with an overall drift in a particular direction.  Something causes the elements to change direction fairly frequently, independent of the forces producing their overall drift.  Solar granules are approximately 1000km[4] in size – it is possible that this is a cause of the random movements of the magnetic elements.  Taking into account this random motion (plotting the total distance travelled by a feature), we see that the spread in distances travelled is much smaller than the spread in displacement.  This shows that features of a given lifetime all travel a similar total distance, irrespective of their overall displacement from their origin.

iii. Velocity Distributions  

In looking at the spread of distances travelled and displacements of features we are able to gain a rough idea of the range of velocities for features.  We can see this more clearly by plotting the average displacement speeds of the features (i.e. the total displacement of a feature from its origin divided by the time it took to get there (its lifetime)) [Fig. 9], and the average overall speeds of the features (the total distance travelled divided by the time taken) [Fig. 10].  
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We would expect the average displacement speeds to be smaller than the total distance speeds since the [image: image13.png]


displacement distance is, on average, approximately a factor of two smaller than the total distance travelled, and this is indeed the case. 
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We can see from Figure 9 that average displacement speeds range from approximately 0 to 2000 km/hr, with a few above this range.  The average overall speeds follow a similar pattern but at higher velocities – approximately 1400 to 2100 km/hr.  The range of average overall speeds is smaller than that of the displacement speeds, as we would expect since we saw from Figure 8 that features of a given lifetime travel similar overall distances.
Conclusion

In order to make the tracking of magnetic elements of the solar photosphere quicker and easier we were able to automate an existing tracking program by creating a routine to automatically find the centres of features from which to track.  This allows us to track data in a few hours that would previously have taken as long as a few days.

We recorded the movements of magnetic elements, believed to be the footpoints of small loops of magnetic flux, in a quiet region of the Sun over a period of nineteen hours in January 1997.  These tacks recorded by the automated program matched the manually recorded tracks of the same data set very well, with a cross correlation value of 0.74989, and also picked up some that had been overlooked in the manual track.
In plotting the relative movements of positive and magnetic features from a common origin we were able to see that the features have an overall drift towards the top right.  This can be partly explained by the fact that the rotation of the Sun may not have been completely corrected for, leaving a small net drift to the right that was unobservable to the human eye in the progression of the data set over time.  The vertical component of this drift may be caused in part by the fact that we have used an average rotation rate for the whole data set whereas in reality the bottom half (at the equator) rotates more slowly than the top half.  However, it is still possible that there are other forces contributing to this drift that are intrinsic to the movements of the magnetic elements.  Histograms of the displacement distributions over time also show that there is a net drift to the movements of the magnetic elements and that they are not moving purely randomly.
In plotting the total displacements and total distances travelled by the features we were able to see that most features of a given lifetime travel a similar overall distance (i.e. taking into account their random motions) whereas displacements of features from their origins varied from none at all to half as much as their total distances.  We believe that some overall displacements are small because these features are located in supergranule boundaries where there is little overall movement, whereas others are emerging within supergranules and moving rapidly towards the boundaries, giving large displacements from their origins.  In addition, we also believe that granules (~1000km across) may be affecting the random movements of the magnetic elements, contributing to their meandering motions.

The average displacement speeds and average actual speeds tie in with the observations of the distances travelled by the magnetic elements.  The range of average actual speeds is small (~1400 to 2100km/hr), which is consistent with the fact that features of a given lifetime tend to travel similar total distances, and the displacement speeds vary from 0 to 2000km/hr, reflecting the variations in total displacement of 0 to 18,000km.

Further work would include calculation of the diffusion co-efficient and mean free path of the elements, analysis of the velocities (as opposed to the speeds) of elements, comparison of the velocities of positive and negative elements, elimination of drift due to solar rotation, analysis of the movements of elements by frame rather than over their entire lifetimes, and with further data sets, comparison of movements in the quiet Sun and near active regions.
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Appendix - centrefinder.pro
1   ;Program to automatically find blobs.  Array for centres must be

2   ;bigger than the number of blobs you think you're going to find.

3   ;Also, vary minimum intensity to search for to get different number of

4   ;blobs.  Lower number finds more blobs (picks up the faint ones).

5   ;Output array 'centres' contains x and y co-ordinates of point of

6   ;ABS(maximum) intensity and the intensity, i.e. is a 3 column fltarr.

7
8   PRO centrefinder, centrearray, framearray

9
10  device, decomposed=0

11
12  data = framearray

13  help, data

14 
15  WINDOW, 0, RETAIN=2, XSIZE=(size(data))[1], YSIZE=(size(data))[2]

16  TVSCL, data

17  print, ' '

18  print, 'Maximum and minimum values of the data (helps decide threshold 

    intensities)'

19  pmm, data

20  
21  result = WHERE(ABS(data) gt 15.0)    ;Here specify minimum absolute intensity to 
    search for.
22  indexy = result / (size(data))[1]

23  indexx = result - (indexy*(size(data))[1])

24  s = size(indexx)

25  indices = fltarr(3,s(1))

26  indices[0,*] = indexx

27  indices[1,*] = indexy

28  FOR i=0,s(1)-1 DO BEGIN

29      indices[2,i] = data[indices[0,i],indices[1,i]]

30  ENDFOR;

31  sind = size(indices)

32  
33  ;-----------Find where the y breaks are-----------

34  breaks = fltarr(200)

35  numbreaks = 0

36  FOR j=1,sind(2)-1 DO BEGIN

37      IF indices[1,j] gt indices[1,j-1]+1 THEN BEGIN

38          breaks[numbreaks] = j

39          numbreaks = numbreaks+1

40      ENDIF;

41  ENDFOR;

42
43  ww = WHERE(breaks eq 0)

44  breaks[ww(0)] = sind(2)

45  breaks = breaks[0:ww(0)]  ;removes excess 0's from breaks

46  sbr = size(breaks)

47  
48  newindices = fltarr(3,sind(2)+sbr(1))

49  snewind = size(newindices)

50  
51  ;----------Seperate blobs by y coord--------------

52  increment = 0

53  FOR k=0,snewind(2)-1 DO BEGIN

54      IF increment le sbr(1)-1 THEN BEGIN

55          IF k ne breaks(increment) THEN BEGIN

56              newindices[*,k+increment] = indices[*,k]

57          ENDIF ELSE BEGIN

58              newindices[*,k+increment] = 'NaN'

59              increment = increment+1

60              IF k le sind(2)-1 THEN newindices[*,k+increment] = indices[*,k]

61          ENDELSE;

62      ENDIF;

63  ENDFOR;

64 

65  ;----Find where NaNs are so we know where to sort by x------

66  wnan0 = WHERE(FINITE(newindices[0,*]) eq 0)   ;To find rows where NaNs are

67  snan = size(wnan0)

68  wnan = intarr(snan(1)+1)

69  wnan[1:snan(1)] = wnan0

70  wnansize = size(wnan)

71  
72  centres = fltarr(3,wnansize(1)*2)  ;create array to put centres in later

73  ;centres = fltarr(3,200)

74  centres[*,*] = 'NaN'

75  blobnumber = 0

76
77  ;Data sorted by x co-ordinate section:
78  FOR sortloop=0,wnansize(1)-2 DO BEGIN

79      ;Loop to create filename (section of newindices to be sorted by x)
80  
81      ;Sort section by x co-ord and put in its own array

82      filename = 'blob' +string(FORMAT='(I0.5)',sortloop)

83      filename = fltarr(3,wnan(sortloop+1)-wnan(sortloop)+1)
84      

85      sorted = SORT(newindices[0,wnan(sortloop):wnan(sortloop+1)])

86      loopsize = wnan(sortloop+1)-wnan(sortloop)

87      FOR l=0,loopsize DO BEGIN

88          filename[*,l] = newindices[*,sorted(l)+wnan(sortloop)]

89      ENDFOR;

90 
91      sblob = size(filename)
92  
93      ;Now divide up blobs by looking for jumps in x co-ord

94      breaksx = fltarr(200) ;Needs to be as large as number of blobs

95      numbreaksx = 0

96      FOR m=1,sblob(2)-1 DO BEGIN

97          IF filename[0,m] gt filename[0,m-1]+1 THEN BEGIN

98              breaksx[numbreaksx] = m

99              numbreaksx = numbreaksx+1

100         ENDIF;

101     ENDFOR;

102
103     ww1 = WHERE(breaksx eq 0) ;remove excess zeros from breaks

104     breaksx[ww1(0)] = sblob(2)

105     breaksx = breaksx[0:ww1(0)]

106     sbx = size(breaksx)

107     

108     splitfilename = fltarr(3,1)

109     splitfilename[*,*]='NaN'

110     ;Actually seperate blobs by x co-ords (each into own array)

111     FOR splits=0,sbx(1)-1 DO BEGIN

112         ;Loop to actually seperate filename by x coord and intensity (if needed) 
    into spltfilename2  

113         
114         splitfilename2 = 'blob' +string(FORMAT='(I0.5)', splits) +'split'

115         IF splits eq 0 THEN BEGIN

116             splitfilename2 = fltarr(3,breaksx(splits))

117             increment=0

118         ENDIF ELSE BEGIN

119             splitfilename2 = fltarr(3,breaksx(splits)-breaksx(splits-1))

120             increment=breaksx(splits-1)

121         ENDELSE;

122         split2size = size(splitfilename2)

123 
124         IF (size(splitfilename2))[0] eq 2 THEN BEGIN

125                         

126             FOR n=0,split2size(2)-1 DO BEGIN

127                 splitfilename2[*,n] = filename[*,n+increment]

128             ENDFOR              ;

129             

130             ;Now split each of these (splitfilename2) further, by intensity (+ve,-
    ve) (if necessary)

131             whnan = WHERE(FINITE(splitfilename2[2,*]) eq 0) 

132             whpos = WHERE(splitfilename2[2,*] ge 0)

133             IF (size(whnan))[0] ne 0 THEN BEGIN

134                 numelements = (size(splitfilename2))[2] - (size(whnan))[1]

135             ENDIF ELSE BEGIN

136                 numelements = (size(splitfilename2))[2]

137             ENDELSE             ;   
138             

139             splitagain=0        ;Trigger for if we need to split by intensities.

140             IF (size(whpos))[0] ne 0 AND (size(whpos))[1] ne numelements THEN 
    splitagain=1

141             splitagainnum = 0

142             IF splitagain eq 1 THEN BEGIN

143                  ;This is bit where we'll sort by intensities to split +ve and -ve

144                 

145                 ;First, sort by intensities

146                 sorted2 = SORT(splitfilename2[2,*])

147                 splitfilename3 = 'blob' +string(FORMAT='(I0.5)',splits) 
    +'splitagain' +string(FORMAT='(I0.5)',splitagainnum)

148                 splitfilename3 = fltarr(3,(size(splitfilename2))[2])

149                 FOR y=0,(size(splitfilename2))[2]-1 DO BEGIN

150                     splitfilename3[*,y] = splitfilename2[*,sorted2(y)]

151                 ENDFOR          ;

152                 
153                 intsplit = fltarr(2)

154                 FOR z=1,(size(splitfilename3))[2]-1 DO BEGIN

155                     IF splitfilename3[2,z] lt 0 AND splitfilename3[2,z-1] ge 0 
    THEN intsplit=z

156                     IF splitfilename3[2,z] ge 0 AND splitfilename3[2,z-1] lt 0 
    THEN intsplit=z

157                 ENDFOR          ;

158                 

159                 increment2= 0 

160                 finalsplit = fltarr(3,(size(splitfilename3))[2]+2)  

161                 FOR final=0,(size(finalsplit))[2]-2 DO BEGIN

162                     IF final ne intsplit THEN BEGIN

163                         finalsplit[*,final] = splitfilename3[*,final-increment2]

164                     ENDIF ELSE BEGIN

165                         finalsplit[*,final] = 'NaN'

166                         increment2 = 1

167                     ENDELSE     ;

168                 ENDFOR          ;

169                 finalsplit[*,(size(splitfilename3))[2]+1] = 'NaN'

170                 splitfilename2 = finalsplit          

171                 splitagainnum = splitagainnum+1

172             ENDIF               ;

173        
174 
         IF FINITE(splitfilename2[2,(size(splitfilename2))[2]-1]) ne 0 THEN 
    BEGIN 

175                 rowofnans = fltarr(3,1)

176                 rowofnans[*,*] = 'NaN'

177                 splitfilename2 = [[splitfilename2],[rowofnans]]

178             ENDIF               ;

179             

180         splitfilename = [[splitfilename],[splitfilename2]]

181             

182         ENDIF                   ;

183         

184         

185     ENDFOR                      ;

186 
187     IF FINITE(splitfilename[0,0]) eq 0 THEN splitfilename = 
    splitfilename[*,1:(size(splitfilename))[2]-1]

188 
189     ;Now find where max intensity of blobs is and put into centres
190     wnan2 = WHERE(FINITE(splitfilename[0,*]) eq 0)  ;find where nans are in 
    spitfilename

191     trigger = 0
192
193     FOR loop=1,(size(wnan2))[1]-1 DO BEGIN

194         IF wnan2[loop] gt wnan2[loop-1]+1 THEN trigger=loop ;find where 
    consecutive nans are

195     ENDFOR;

196     wnan2 = wnan2[0:trigger]    ;removes consecutive NaNs (allows it to ignore 
    consecutive nans at end of splitfilename)

197  

198     FOR intloop=0,(size(wnan2))[1]-1 DO BEGIN ;0 to number of blobs

199         IF intloop ne 0 THEN BEGIN

200             maxint = MAX(ABS(splitfilename(2,wnan2(intloop-1):wnan2(intloop))), 
    location, /NAN)

201             centres[*,blobnumber] = splitfilename(*,location+wnan2(intloop-1))

202             blobnumber = blobnumber+1

203         ENDIF ELSE BEGIN

204             maxint = MAX(ABS(splitfilename(2,0:wnan2(0))), location, /NAN)

205             centres[*,blobnumber] = splitfilename(*,location)

206             blobnumber = blobnumber+1

207         ENDELSE;

208     ENDFOR;

209 

210 ENDFOR;

211         

212 trim = WHERE(FINITE(centres[0,*]) eq 0)   ;remove excess rows from centres array

213 centres = centres[*,0:trim(0)-1]

214 centrearray=centres

215 

216 ;Plot data with centres marked.
217 WINDOW, 1, RETAIN=2, XSIZE=383, YSIZE=561

218 TV, data

219 PLOTS, centres[0:1,*], THICK=0, COLOR=0, PSYM=1, /DEVICE

220 

221
222 RETURN;

223 

224

225 END;

Fig. 1 – Location of our data set (red box) within MDI 1024x1024 full field of view on Sun [shortly before our time set].





Fig. 2 – A cluster of positive footpoints.  You can see their surrounding ‘plateau’ intensity (pink) above the background level (blue).





Fig. 3 – Locations of centres found by centrefinder.pro for full data set.





Table 1 – Correlation results of automatic and manual tracks for various lags.





Fig. 4b – Plot of manually recorded tracks (red) on top of automatically plotted tracks (blue).  This plot allows us to see the extra tracks the automatic program picked up (clear blue lines).





Fig. 4a – Plot of automatically recorded tracks (blue) on top of manually recorded tracks (red).  We can see that the automatic tracks almost completely cover the manual tracks, showing that the automatic program has picked up almost every feature that was tracked manually.





Fig. 5b – Relative movements of negative elements from a common origin.





Fig. 5a – Relative movements of positive elements from a common origin.
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Figs. 6a-v – Histograms of the displacement (straight line distance) of features from their origin, over time (feature lifetime).  The x-axis is displacement distance in kilometres (divided into bins) ranging from 0 to 4500km at t = 55min and 0 to 20,000km at t = 1105min; the y-axis is the number of features, ranging from 0 to 60 at t = 55min and 0 to 4 at t = 1105min (since fewer features have very long lifetimes).





Fig. 8 – Plot of lifetime of feature against total distance travelled.








Fig. 7 – Plot of lifetime of feature against total displacement from origin.





Fig. 9 – Plot of the average displacement speeds of magnetic elements, i.e. their final displacement from their origins divided by their lifetimes.  








Fig. 10 – Plot of average speeds of magnetic elements, i.e. their total distance travelled divided by their lifetimes.





Fig. 10 – Plot of average speeds of magnetic elements, i.e. their total distance travelled divided by their lifetimes.
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