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Figure 2  Variation of the latitude coverage of the two coronal holes: (a) August 26 to 28 1996; (b) June 29 to July 1 2005 (day 31 is July 1). (The uncertainty in 
the latitude coverage measurements is estimated not to exceed 1±  ).
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From these measurements the latitude range between five selected 
latitude limits [ ]( 10,20,30,40,50 )±   was determined (Figure 3). 
Within these five limits (four in the case of the 1996 event) the latitude 
range clearly increases to a peak value and then decreases (this 

tendency being more pronounced with increasing latitude). (A note on 
helio-latitude terminology: range defines the extent of the open flux 
between the specified limits, whereas coverage (from which the range 
is derived) quantifies the north-south extremities of the open flux.)  

Figure 3 Variation of the latitude range of the two coronal holes, within the indicated latitude limits: (a) August 26 to 28 1996; (b) June 29 to July 1 2005 (day 
31 is July 1). (Based on the latitude coverage, the uncertainty in the latitude range does not exceed 2±  ).
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The particle flux emanating from these coronal holes resulted in an 
increase in the solar wind speed at Earth’s bowshock (Figure 4), this 
association having been confirmed for both events in the Reports on 
Solar and Geophysical Activity from NOAA (https://www.swpc.noaa.
gov). Measurements of the solar wind and the IMF made by the Wind 
and ACE spacecraft in the vicinity of L1 are readily available from the 
Goddard Space Flight Centre (http://omniweb.gsfc.nasa.gov/), and it 
is these data (specifically, solar wind bulk speed translated to Earth’s 
bowshock) that have been used in this study.  

In each case the general form of the time series for the solar wind 
speed is not dissimilar to that for the latitude range of the coronal holes 
themselves (though of about twice the duration). A fast solar wind 
stream undergoes super-radial expansion within about 2.25 solar radii 
of Sun-centre,16,21,22 which might explain the longer duration of the 
solar wind speed time series. This conjecture will now be investigated.

Figure 4 Solar wind bulk speed measured at L1 and translated to Earth’s bowshock: (a) August 28 to September 6 1996; (b) June 28 to July 6 2005. (From 
combined Wind and ACE data, courtesy of J.H. King and N. Papatashvilli, NASA GSFC, CDAWeb.).
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Super-radial expansion of the fast solar wind 
stream

Figure 5 shows the geometry of the super-radial expansion of the 
fast solar wind stream resulting from the coronal hole of August 26-
28 1996. Analysis by Bromage et al.16 of observations with the SOHO 
Ultraviolet Coronograph Spectrometer (UVCS) reveals that the 
boundary of the hole subtended an angle at Sun-centre about10 wide 
at1.0 ,sR  40 wide at 1.75 sR and 60 wide at 2.25 sR , with radial 
propagation beyond that distance (see Discussion for  further details). 
Dobrzycka et al.23 found that the maximum super-radial expansion of 
a coronal hole boundary typically occurs at 1.5 sR , followed by an 
exponential reduction in the width of the boundary (with scale factor 
0.5 sR ). Combining the results of these two studies, the red lines in 
Figure 5 estimate the boundary of the open field as it expanded into 
the corona, and indicate that, beyond 2.25 sR , the boundary subtended 
an angle of 30±  from the Sun-Earth line in the ecliptic plane.

With a Carrington sidereal solar rotation time of 25.38 days, 30 is 
equivalent to a duration of 2.12 days. In other words, the leading edge 
of the fast stream from the coronal hole will be directed at Earth 2.12 

days ahead of the time when the corresponding leading edge of the 
coronal hole crosses the helio-meridian. Similarly, the trailing edge 
of the fast stream will be directed at Earth 2.12 days after the trailing 
edge of the coronal hole crosses the helio-meridian.

Effect of super-radial expansion on the time 
series of the observations

The four UTC time series used in this analysis ( , , , )s sb bt t t t are 
shown schematically in Figure 6 (using the 1996 event as an example), 
and are related as follows -  

1.	 t : measurements of the latitude coverage at the helio-meridian; 

2.	 st : values of t scaled according to super-radial expansion in the 
corona; 

3.	 t∆ : translation time from the corona to the bowshock; 

4.	 sbt : values of st translated to the bow-shock by t∆ ; 

5.	 bt : values of t translated to the bowshock by t∆ , without scaling. 

Figure 5 Super-radial expansion of the fast solar wind stream resulting from the coronal hole of August 26-28 1996.16,23
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Figure 6 Schematic showing the effect of applying super-radial expansion and translation on the time series for the coronal hole transit of August 26 to 28 1996 
(days 32 to 34 are September 1 to 3): (a) symmetrical scaling; (b) offset scaling. (The blue lines show the effect on the time of the peak in the latitude range. The 
red lines are not scaled. t  = observation times at the Sun, st = t  after scaling, bst = st  translated to bowshock, bt = t  translated to bowshock).

The latitude range and the solar wind speed will be compared 
at times sbt (the solar wind speed being derived by interpolation 
from data files at 1-hour resolution). The solar wind speed at times

bt (without scaling, shown in red in Figure 6) will also be used to 
compare with the results from super-radial expansion.

To account for super-radial expansion, time series t in Figure 3 
was scaled according to an algorithm based on the 30 (2.12 day) 
angle in Figure 5. Two scaling methods were used: (1) symmetrical, 
and (2) asymmetrical (subsequently named offset, for clarity).

Symmetrical scaling

Let the time series ( )t  of latitude coverage  at the  Sun be 0..... nt t   
(t measured in decimal days), and the s caled time series ( st ) be

0.....s snt t . Applying the super-radial 2.12 day lead and lag times, the  
duration ( d ) of st is then given by: 

	    ( ) ( )0 02.12 2.12 4.24n nd t t t t= + − − = − + 	              (1)

 and each element sit in the scaled time series ( st ) is given by: 

	                   ( )2.12 /0t t d i nsi = − + 	                                 (2)

 The time series t and st  are shown schematically in Figure 6a, 
in which the 2.12 day lead and lag times between t and st are clearly 
evident. The blue lines show the effect on the time of the peak in the 
latitude range, and it is clear that there is a discrepancy between the 
times with and without scaling.

Offset scaling

Symmetrical  scaling is centred at the mid-point ( /2nt ) of time 
series t , not necessarily at the  time of  peak  latitude  range ( pt
).  However, in cases when the variation  in  latitude  range is  not  

symmetrical  ( /2n pt t≠ , such as in these events), an alternative 
approach is to apply offset scaling. This is similar to symmetrical 
scaling, except that the rising and falling phases are treated separately. 
We assume that the centre of the peak in the latitude range occurs 
between elements 1n and 2n in time series t . (A slight adjustment will 
be required if the peak occurs at a specific element, but the principle 
remains the same). Let 0 1.....t tn and 2.....t tn n represent the rising and 
falling phases in the observed time series. Applying the super-radial 
2.12 day lead and lag times, the rising and falling durations ( 1 2,d d ) 
are then given by: 

 	       ( )1 01 12.12 2.120d t t t tn n= − − = − + 	              (3)                                            

	      ( )2 2 22.12 2.12d t t t tn n n n= + − = − + 	              (4)

Each element ( 1 2,s i s it t ) in the rising and falling phases ( 1 2,s st t ) of 
the scaled time series ( st ) are then given by: 

	                  1 0 1 12.12 /is it t d n= − + 	                             (5) 

	                     2 2 2 2/is i nt t d n= + 	                               (6)

The scaled time series for the rising and falling phases are then 
combined to give st : 

	                           [ ]1 2,t t ts s s= 	                                              (7)

 The effect of offset scaling on the observation times at the Sun is 
shown schematically in Figure 6b.

 Translation to the bowshock

The delay time ( t∆ )  between  the  peak in  latitude range ( pt )  
and  the  peak  in  each  of the speed profiles ( vmaxt ) can be readily 
determined: 

	                          vmax pt t t∆ = − 	                                             (8)
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For example, in Figure 3a the peak UTC ( pt ) was estimated to 
occur at 27.1667 days (the mid-point between elements 9 and 16), 
whereas in Figure 3b (which has a clearly defined peak) element 10 
was selected (29.7292 days). The UTCs of the peaks in solar wind 
speed were determined from the data files corresponding to Figure 4. 
In the case of the 2005 event vmaxt is clearly defined and happens to 
be at 00:00 UTC on July 2. However, for the 1996 event vmaxt is less 
obvious, so 550 km/s was chosen as the defining limit, and the mid-
point (00:40 UTC on August 30) between the times of increasing and 
decreasing transition through this limit (08:08 UTC on August 29 and 
17:13 UTC on August 30, respectively) was selected. The values of

t∆ for the 1996 and 2005 events, expressed in the form dd:hh:mm, are 
therefore 02:21:40 and 02:05:30 (respectively). Time series st , from 
both the symmetrical and offset scaling, are then translated to Earth’s 
bowshock by adding the delay time t∆ . If sbt represents the scaled 
time series ( st ) translated to the bowshock, then - 

	                             .sb st t t= + ∆   	                                  (9)

The original non-scaled time series t was also translated to the 
bowshock (shown by the red lines in Figure 6) - 

	                              .bt t t= + ∆ 	                                           (10)

By this means, the efficacy of translation alone can be compared with 
that of scaling and translation.

  Effect of scaling and translation
Figure 7 compares the solar wind speed (dashed) and the latitude 

ranges with offset scaling applied, both plotted at times sbt , and in 
both events there appears to be a similarity between the time series 
of speed and latitude range, and hence the possibility of a significant 
correlation. For comparison, the red curve shows the original latitude 
range at 40±  , plotted at times bt (i.e. without scaling applied). 
Similarly, Figure 8 shows the same comparison using symmetrical 
scaling, but in this case the peaks in the solar wind speed and the 
latitude ranges do not coincide. Consequently, in the case of 
symmetrical scaling, the correlation between speed and latitude range 
is expected to be less significant.

Figure 7 Solar wind speed (dashed) and latitude range (with offset scaling) at the bowshock (both plotted against sbt ): (a) August 26 to September 2 1996 
(days 32 and 33 are September 1 and 2); (b) June 29 to July 5 2005 (days 31 to 35 are July 1 to 5). (The non-scaled latitude range for the 40±  limit (plotted 
against bt , in red) is shown for comparison.)
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The blue lines in Figure 6 show the effect of scaling and translation 
on the time of peak latitude range, and it can be seen that in the offset 
case the peaks are coincident, whereas in the symmetrical case they 
are not. In both events, because /2n pt t≠ , symmetrical scaling skews

st such that, after translation, vmaxt  no longer coincides with pt . The 

further is the peak from the mid-point, the greater is the discrepancy, 
and offset scaling compensates for this effect. Paradoxically, applying 
an offset might be thought to assume a result that is not yet proven: 
this issue is considered in the Discussion.

Figure 8 Solar wind speed (dashed) and latitude range (with symmetrical scaling) at the bowshock (both plotted against sbt ): (a) August 26 to September 2 
1996 (days 32 and 33 are September 1 and 2); (b) June 29 to July 5 2005 (days 31 to 35 are July 1 to 5). (The non-scaled latitude range for the 40±  limit (plotted 
against bt , in red) is shown for comparison.)

Correlation of solar wind speed and latitude 
range

Having confirmed in Figures 7 and 8 that the time series of the solar 
wind speed and the latitude range have similar profiles, suggesting a 
possible correlation (particularly in the case of offset scaling), this 
conjecture will now be tested by combining the elements for both 
events. The fast component of the solar wind emanates from coronal 
holes at speeds  450 km/s, and the transition from slow to fast occurs 
at ≈ (400 to 450) km/s, so a correlation test using speed thresholds 
might be revealing. In this test, the correlation of solar wind speed 
against latitude range is determined, in each of the 5 latitude bands, for 
speed thresholds from > 350 to > 540 km/s, in 5 km/s increments. 

(During the two events, at times sbt , the maximum solar wind speed 
was 626 km/s, but the sample sizes at speed thresholds beyond > 540 
km/s were found to be too small to provide a consistent correlation 
coefficient.) The disadvantage of using inclusive latitude limits ( ±
10, 20, 30 and 40 ) is that the speed associated with plasma from 
higher latitudes may be biased by that from lower ones (which is 
likely to be dominant). Consequently, differential latitude bands were 
used (0 10) , (10 20) , (20 30) , (30 40)(± − ± − ± − ± −   

 and (40 50) ).± − 
 

These bands were derived by subtracting adjacent limits, for example 
(20 30) 30 20± − = ± − ±   . (Of course, the 10±  limit is not affected; 

only the higher latitude limits require conversion to differential 
bands.)  
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The results of the correlation tests are shown in Figure 9, including 
those without scaling applied for comparison with the effects of 
offset and symmetrical scaling. (It is emphasised that these are speed 
thresholds, so each value represents all speeds above that value.) The 
two dashed lines at > 400 and > 450 km/s mark the speeds which 
define the limits of the transition between the slow and fast solar wind, 
and the dotted lines mark the correlation coefficients above which the 
relation is considered to be significant ( 0.6)ρ = and very significant
( 0.8)ρ = . Because zero latitude ranges are valid samples, at any 
given speed threshold the sample counts for each of the five latitude 
bands are equal (and are the same as those for the latitude limits). 
Figure 9 reveals the following - 

•	 General comment: in all three cases (a, b and c), the higher 
latitude bands ( ) ( )30 40 0 ) 40 5( and± − ± −  all give very poor 

correlations ( 0.3)ρ < , implying that the flux at these latitudes is 
not geo-effective.

•	 Offset scaling. At speeds > 400 km/s there is a 
distinct change in behaviour at lower latitudes

( ) ( ) ( )0 10 , 10 20 2 )0 30( and± − ± − ± −   . Significant correlations 
are revealed at these latitudes, intermittently at ( )20 0 )3± −  , and 
consistently at ( ) ( )0 10 10 20and± − ± −  (in particular, at > 450 
km/s, these correlations peak, and are very significant),

•	 Symmetrical scaling provides poor correlations at all latitudes
( 0.55)ρ < .

•	 Without scaling, only the ( )20 30± −  band gives significant 
correlations at speeds > 400 km/s.

Figure 9 Variation of correlation coefficient (between latitude range and solar wind speed) with threshold speed, for differential latitude bands, for both events 
combined: (a) offset scaling; (b) symmetrical scaling; (c) without scaling.
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Table 1 lists the correlations coefficients from Figure 9, at > 450 
km/s, for each latitude band, and it is evident that only offset scaling 
at ( )0 10± −  and ( )10 20± −  gives correlations with 0.8ρ > . These 
results demonstrate that the fast solar wind is dominant within 20

of the helio-equator, and beyond that limit there is a much weaker 
contribution.

The spread of the samples for these two very significant correlations      

( ρ = 0.81, 0.83) are shown in Figure 10ab, together with the regression 
equations, sample sizes, correlation coefficients and standard errors, 
These statistics are summarised in Table 2 (columns 2 and 3), which 
also includes the 1σ  uncertainties. Also included are the statistics 
for ( )0 20± −  (Table 2 (column 4) and Figure 10c), which reveal an 
even more significant correlation ( ρ = 0.87). The 2±  measurement 
uncertainty for the latitude range does not exceed the standard errors 
for the X-on-Y correlations.

Table  1 Correlation coefficients in Figure 9, at > 450 km/s, for each of the five latitude bands (Correlation coefficients > 0.8 are shown in red)

Latitude band Offset scaling Symmetrical scaling Without scaling 

 
( )0 10± −   0.81  0.46  0.45 

( )10 20± −   0.83  0.48  0.51 

( )20 30± −   0.67  0.48  0.67 

( )30 40± −   –0.33  –0.08  –0.15 

( )40 50± −   –0.26  –0.31  –0.35 

No. of samples  34  29  55 

Table  2 Regression statistics from Figure 10 ( 0.8)ρ > . Column 4 shows the result of combining columns 1 and 2. ( RL = latitude range, M = gradient, c = 
intercept, ρ = linear Pearson correlation coefficient)

  Parameter 
 (0 10) ± −  (10 20) ± −  (0 20) ± − 

 X on Y  RL  = 0.10V - 48.79  RL = 0.07V - 30.00  RL  = 0.17V - 78.78 

1σ uncertainties  0.01 (m), 6.93 (c)  0.008 (m), 4.22 (c)  0.017 (m), 8.92 (c) 

Standard error  4.12  2.50  5.29 

 Y on X  V = 6.47 RL  + 499.1  V = 10.42 RL  + 480.8  V = 4.54 RL  + 486.7 

1σ uncertainties  0.83 (m), 7.01 (c)  1.25 (m), 8.15 (c)  0.45 (m), 6.52 (c) 

Standard error  32.92  31.56  27.62 

 central  V = 8.18 RL + 490.5  V = 12.83 RL + 469.1  V = 5.27 RL + 479.5 

 Samples  34  34  34 

ρ  0.81  0.83  0.87 

To conclude, if super-radial expansion is taken into account using 
offset scaling, within 20± 

 of the helio-equator the latitude range 
of the coronal hole open flux at the helio-meridian gives a reliable 
prediction of the fast solar wind speed at the bow-shock. However, 

at (20 30)± − 
 the reliability of the prediction is in question, and 

at higher latitudes it is invalid. Furthermore, when using either 
symmetrical scaling or none at all the method is invalid.
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Figure 10 Scatter plots of solar wind speed against latitude range for the fast solar wind ( > 450 km/s), derived using offset scaling: (a) ( )0 10± −  ; (b) ( )10 20± − 

; (c) ( )0 20± −  . (The statistics are summarised in Table 2. The latitude range in (b) is limited to10 because, in the ( )10 20± −  band, there is no coincident open 
flux in both the N and S hemispheres (see Figure 2). V = solar wind speed (km/s), RL = latitude range (deg), SE = standard error.)

Discussion
Super-radial expansion: background

The SOHO EIT 195 Å� images (Figure 1) were formed from the Fe 
XII line, emitted by coronal plasma at a temperature of about 1.6x106 

K. The darkness of the coronal holes is due to the lower density of the 
plasma, as well as its somewhat reduced temperature (about 8x105 K), 
which is free to expand into space along the open field. The boundary 
of the coronal holes is quite irregular, reflecting the structure of the 
adjacent closed-field loops. SOHO CDS images used by Bromage et al. 
(2000) show the emission at four different wavelengths, representing 
the solar plasma at four different temperatures and, hence, emission 
from four different heights in the solar atmosphere: He I (3x104 K); 
Mg IX (1x106 K); Mg X (1.3x106 K); Si XII (2x106 K, comparable 
with the EIT Fe XII 195 Å� images). An estimate was thereby obtained 
of the expansion of the coronal hole boundary with height, from the 
upper chromosphere to the corona.

The field lines at the boundary were found to make an angle with 
the radial direction of 37 3 ,±  consistent with the angle commonly 
seen in EIT images at the polar coronal hole boundaries above the 
limb. SOHO UVCS data obtained by Bromage et al. on August 23, 
when the most southerly part of the coronal hole was on the eastern 
limb of the Sun, show that the hole was about 40 wide at 1.75 sR
from Sun-centre, and about 60 wide at 2.25 sR (see Super-radial 
expansion of the fast solar wind stream). This clearly suggests that 
the boundaries of the hole were diverging super-radially within this 
range. Thereafter the plasma was found to travel radially, the angle 
subtended by the boundary of the coronal hole being 30±  from the 
Sun-Earth line in the ecliptic plane. Evidence for this behaviour is also 
reported by Dobrzycka et al.,23 who found that the maximum super-
radial expansion of a coronal hole boundary typically occurs at 1.5 sR
, followed by an exponential reduction in the width of the boundary 
(scale factor 0.5 sR ), with subsequent radial expansion beyond 2.25

sR . Dobrzycka et al. also report that polar coronal holes appear to 
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have super-radial geometry with a divergence factor ranging from 6.0 
to 7.5. Though the detailed structure in the boundary of both coronal 
holes varied on a time-scale of hours, the overall features rotated 
quasi-rigidly for several months, as was the case with the Skylab CH1 
hole.6 This quasi-rigid rotation has also been seen in other (although 
not all) low-latitude holes.24

Assumption of peak-to-peak association

This paper investigates potential relationships between the latitude 
range of coronal hole open flux at the helio-meridian and the solar 
wind speed at geospace. The critical factor in such a test is one 
of timing: how should the time series of the solar observations be 
converted to one that can be used to compare the appropriate speeds 
at geospace? To do so, it is necessary to associate a distinct feature 
in the latitude range profile at the photosphere with another in the 
speed profile at geospace (say, at the bowshock), and hence determine 
the travel time between these two locations. Both profiles first rise 
then fall, and so the peak value is the obvious choice for such a 
reference point. If coronal hole open field emanated radially from the 
photosphere (with respect to Sun-centre) then no scaling would be 
required and the conversion would simply be a matter of translation, 
based on the travel time between the two peak reference points at the 
Sun and the bowshock.

However, super-radial expansion is a phenomenon that is well-
documented in the scientific record.16,21-23 Consequently, before 
translation is applied, it must be taken into account by linearly 
expanding the time series of the latitude coverage at the helio-meridian 
to take account of the 2.12 day lead and lag times resulting from the
30 super-radial angle, using either symmetrical or offset scaling.

Given that the latitude coverage of the open flux is asymmetric 
(which is the case for these events, and probably for most, taking into 
account the stochastic nature of the medium), then symmetric scaling 
will not suffice because the further is the peak from the mid-point, the 
greater will be the discrepancy (as shown by the blue lines in Figure 
6b). Offset scaling compensates for this discrepancy by assuming a 
direct association between the time of the peak in latitude range and 
the time of the peak solar wind speed at the bowshock. However, this 
assumption might be thought to bias the outcome: are we assuming 
a result before it has been proven? The NOAA Reports on Solar and 
Geophysical Activity clearly associate the helio-meridional transits of 
these coronal holes with the corresponding increases in solar wind 
speed at the bowshock shown in Figure 4, but only in qualitative terms. 
This study makes the assumption that the association is quantitative 
i.e. that the two peaks can be related for purposes of scaling and 
translation. The results herein certainly support this assumption, and it 
remains to be seen whether or not future research will provide further 
justification.

Correlation tests and linear regressions

The computations in this study were carried out in IDL. The 
correlation tests in Figures 9 and 10 were performed using the 
CORRELATE function, which computes the linear Pearson correlation 
coefficient. In addition, the linear regression lines in Figure 10 were 
generated by the POLY FIT function, which uses a least-squares fit 
and also provides the standard error values and the 1σ  uncertainties. 
(These functions assume random errors for the points being fitted and 
correlated.)

  Variation of solar wind speed with longitude coverage

This study focusses on the variation of solar wind speed with coronal 
hole latitude coverage. A question arises: what about the variation with 

longitudinal coverage? The two coronal holes used in this study were 
more variable in latitude than in longitude. Furthermore, though they 
are most certainly ’low-latitude’, they can only be described as ’trans-
equatorial’ during no more than 50% of their helio-meridional transit. 
Coverage measurements, be they latitudinal or longitudinal, can only 
be made at a fixed reference line (i.e. along the helio-meridian or 
helio-equator, respectively). Consequently, these two coronal holes 
are more suitable for the analysis of latitude coverage, not longitude. 
It remains for future studies to cover this aspect of the subject using 
coronal holes which are more suited to the task. However, because 
trans-equatorial coronal holes usually result from the migration of 
open flux from the polar holes, coronal holes with sufficient variation 
in longitude at the helio-equator will be much less common.

Summary
1.	 Two coronal holes were selected for analysis, one which crossed 

the helio-meridian from August 26 to 28 1996, the other from 
June 29 to July 1 2005.

2.	 Using SOHO-EIT 195 Å images of these coronal holes, 
measurements of the helio-latitude coverage of the open flux 
were taken at the helio-meridian within selected latitude limits.

3.	 When the super-radial expansion of the coronal particle flux and 
the translation to the bowshock are taken into account, the time 
series of the latitude ranges for both events resemble those of the 
solar wind speeds at the bowshock (measured by Wind and ACE).

4.	 Using offset scaling to account for the expansion, correlation tests 
demonstrate that, within 20±   of the helio-equator, the latitude 
range of the coronal hole open flux ( RL degrees) gives a reliable 
prediction 0.87ρ > ) of the fast solar wind speed (V > 450 km/s) 
at the bowshock, according to the relation: 

	                      5.27 479.5RV L= + 	                                     (11)

5.	 Within (20 30)± −   the reliability of the prediction is considerably 
less significant ( ρ = 0.67), and at 30>   the correlation is 
negative.
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