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The fast solar wind stream which resulted from the helio-meridional crossing of an equatorial coronal hole on June 29* and 30" 2005 passed the Wind and Advanced
Composition Explorer (ACE) spacecraft during July 1t and 2. This fast stream caused a moderate magnetospheric storm following a weak (though clearly defined)
sudden commencement at 14:12 UT on July 1. During the event, the two spacecraft were both in the vicinity of the L1 libration point, though separated in the Sun-Earth
direction by about 150000 km. An algebraic method is described whereby the speed of the particle flux can be determined using measurements of the interplanetary

magnetic field at the two spacecraft.

Introduction

Scientific study of the solar wind first began with the work
of S. Chapman and V.C.A. Ferraro [1-3], who suggested that it
comprises streams of 'corpuscles' ejected by the Sun, which
reach the Earth a day or so later. Biermann [4] studied comet
tails and concluded that electromagnetic radiation pressure
was insufficient to account for the observations, that the
stream of corpuscles actually comprised particles, that it was
continually present, and that the velocity was about 500 km.s!
(a surprisingly good estimate). Subsequent studies by Parker
[5] and Chapman & Aller [6] proved that, unlike the Earth's
atmosphere, the solar corona is not in hydrostatic equilibrium
but instead expands continually, with matter streaming out
into the heliosphere in the form of solar wind.

The continuity of the solar wind was firmly established
by Mariner-2 during its flight to Venus in 1962 when it
recorded alternating dense, low-speed (300 - 500 km.s™)
and tenuous high-speed (500 - 800 km.s™*) streams [7]. This
finally confirmed that the solar wind is a permanent feature

of the solar system. Ulysses, launched in 1990 to measure
the Interplanetary Magnetic Field (IMF) between 1.35 and 5.4
AU, was the first spacecraft to measure the solar wind at all
heliolatitudes. It was also the first to confirm that the solar
wind is bimodal in nature, having slow and fast components

[8].

It is now well known that the fast solar wind emerges pri-
marily from coronal holes and expands to fill the majority of
the heliospheric volume with speeds from 450 to 900 km.s™
[9-11], whereas the slow component (250 to 450 km.s?) is as-
sociated with coronal streamers [12,13] and may also have con-
tributions arising from boundary flow along current sheets, the
magnetic reconnection of closed-field loops, and the boundar-
ies of coronal holes [14]. The passage of low-latitude coronal
holes across the helio-meridian often results in weak to mod-
erate magnetic storms within the geospace [15,16] the intensity
being mainly dependent on the orientation of the IMF and the
dynamic pressure of the solar wind.

Following solar maximum, the coronal holes which are
prevalent at the poles begin to extend towards equatorial
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latitudes, sometimes crossing the helio-equator. At solar
minimum, the high-speed wind dominates at high latitudes,
while the low-speed component coexists at lower latitudes with
occasional high-speed streams. Low-latitude coronal holes are
therefore most evident during the declining years of sunspot
activity following solar maximum and before solar minimum.

A typical fast solar wind stream from a low-latitude coronal
hole has a compression region (or co-rotating interaction
region [17] on the leading edge (which may have an associated
shock front) and a rarefaction region on the trailing edge. In
terms of geospace effects, the co-rotating interaction region is
the dominant component of a fast solar wind stream, though
the strength and duration of the southward component of the
interplanetary magnetic field, the strength of the solar wind
pressure pulse, and the prior state of the magnetosphere are
also significant factors affecting geo-effectiveness [18].

In 2005, as solar activity declined toward the minimum,
the solar wind was dominated by fast streams emanating from
recurrent equatorial coronal holes. The solar particle event
under consideration occurred during this period and resulted
from the heliomeridional passage across the solar disc by a
coronal hole (Figure 1) which induced a moderate geomagnetic
storm during July 1 and 2. This was the largest equatorial
coronal hole to emerge since the 'Elephant's Trunk' of summer
1996 [19].

This study uses data from the ACE [20,21] and Wind [22,23]
spacecraft, both located in the vicinity of the L1 libration point.
(Though tasked to study the magnetosphere and the Lunar
environment during the first phase of its mission, Wind has
been continually in the vicinity of L1 since 2004.) During the
period of observation, Wind and ACE were positioned slightly
above the ecliptic, on either side of the Sun-Earth line in the XY
GSE plane. The configuration is shown in relation to Earth and
L1in Figure 2, and in more detail with respect to L1 in Figure 3.

In this paper, an algebraic method is described whereby
the velocity of the particle flux of the fast solar wind stream
can be determined by measuring the interplanetary magnetic
field at the Wind and ACE spacecraft, without recourse to a
particle detector. A detailed error analysis is provided, and the
application of the method to other spacecraft geometries is
discussed.

Description of the event at L1.

The leading edge of the coronal hole (Figure 1) first crossed
the helio-meridian on June 29 2005 at about 00:00 UT (+ 3
hours, the edge being somewhat difficult to discern precisely).
The ACE real-time summary plot gives an overview of the
complete event over about 6 days (Figure 4). Before the event,
quiescent conditions prevailed, typical of the slow solar wind:
the density varied from 1 to 3 c¢cm~3 (panel 'c'), the speed
was steady at ~ 400 km.s (panel 'd'), and B, was limited to
oscillations within = + 5 nT (red plot, panel 'a").

The first clear evidence for the arrival of the co-rotating
interaction region can be seen on July 1 at about 13:20 UT: an
abrupt increase in density to 30 cm-3, the start of a gradual
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increase in speed, an enhancement in B, and strong oscillations
in B,. (Though there is a brief data gap in ACE density at the
arrival time of the compression region, the velocity data (not
shown) gives an estimate of 13:20 UT.)

The interval of maximum activity lasted from 13:20 UT on
July 1 to about 06:00 UT on July 2: strong oscillations in B,
(with southerly excursions to = -12 nT at 15:30, 17:30, and 21:30

Figure 1: Images of the Sun from the EIT instrument aboard the SOHO spacecraft at
L1, June 29, 2005: (a) 195 A at 21:48 UT; (b) 284 A at 19:06 UT.
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Figure 2: The geometry of Wind and ACE in the vicinity of Earth (E) and L1 during

the event.
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Figure 3: The detailed geometry of Wind and ACE in the vicinity of L1 during the

event (the mean separation in X is 151200 km).
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UT, each of duration 1 to 2 hours); an enhancement in B, to = 18
nT; an abrupt increase in speed to =~ 650 km.s; and a gradual
reduction in density to = 5 cm3.

After 06:00 UT on July 2, over a recovery period that
lasted more than 4 days, the solar wind gradually returned
to behaviour characteristic of the slow component: the speed
decreased gradually to about 400 km.s™?, and B,, B, , and density
returned to their pre-event levels.

Figure 5 shows in greater detail the variationsin B, P, , and
bulk speed at the Wind spacecraft from 00:00 UT on July 1 to
12:00 UT on July 2, the most active period. Of particular interest
isthe abrupt increase in dynamic pressure (panel 'b') at 13:00 UT
(dashed line) resulting from the order of magnitude increase in
density at that time. It is likely that this dynamic pressure pulse
caused the weak sudden commencement recorded at 14:12 UT
(Figure 6) by the ground-based magnetometers at Shigaraki
(34.8" N, 136.1" W), Urumgqi (43.8° N, 87.7° W), and Kakioka
(36.2° N, 140.2° W). The 'dash-dot' line in Figure 5 indicates the
approximate end of the magnetic 'packet' characteristic of the
compression region (the significance of the dotted lines will be
covered in Section 4).

During the interval from 15:00 UT on July 1st to 03:00 UT
on July 2nd the average K, index increased to 4, indicating
moderate storm conditions. Throughout this interval, solar
wind density, speed, and temperature were markedly enhanced,
and B, showed its strongest southerly oscillations.

This was a particularly 'clean' event; no other significant
geoeffective solar activity from X-ray flares or CMEs was
observed throughout the period of fast solar wind resulting
from the meridian passage of the coronal hole. This lack of
transient activity, and the gradual 'arch' shape of the coronal
hole as it extends northwards from the helio-equator, probably
explain the remarkably linear decline in solar wind speed
during the recovery phase of the event.

Figure 4: Real-time ACE plots of the solar wind environment at the L1 libration
point from June 30 to July 6, 2005: (red) IMF B, (nT); (white) IMF B, (nT); (blue) IMF

clock angle (degrees); (orange) solar wind density (cm?); (yellow) solar wind speed
(km.s™); (green) solar wind temperature (°K). (Courtesy of the ACE Science Centre,
California Institute of Technology.)
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(a) Wind, July 1 00:00 UT to July 2 12:00 UT
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Figure 5: Wind observations from 00:00 UT on July 1 to 12:00 UT on July 2 (1 min.
data): (a) IMF B, (nT); (b) SW dynamic pressure (nPa); (c) SW bulk speed (km/s).

(The dashed line marks the start of the event, the dotted lines mark the interval of
optimum correlation of B,, and the dot-dash line marks the approximate end of the
event.)

Delays in the IMF between Wind and ACE
using selected features

The average solar wind speed from the Sun to the Earth can
be estimated by dividing the total distance (1.52e + 08 km) by
the difference between the time at which the leading edge of
the coronal hole first crossed the helio-meridian (00:00 UT on
June 29%) and the time at which the sudden commencement
occurred (14:12 UT on July 1st). This gives 679 + 32 km.s™, the
main uncertainty being in the estimate of the helio-meridian
crossing (+ 3 hours).

Alternatively, the average speed can be estimated by
dividing the distance from the Sun to L1 by the difference
between the time of the helio-meridian crossing (the same
as above) and the time that the event was first detected at L1
(by using the leading edge of the dynamic pressure pulse, at
about 13:00 UT at Wind). This method gives a velocity of 685 +
32 km.s™, the time of the helio-meridian crossing once again
being the dominant uncertainty in this estimate. However,
these estimates give only the average speed over the total
distance from the Sun, and we require the speed at L1, without
recourse to a particle detector.

The IMF measurements from both Wind and ACE are clearly
similar for this event (Figures 7,8). (As will subsequently be
seen, it is the coherent nature of the two independent time
series of N/S magnetic flux density (B,) that enables the
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Figure 6: Magnetometer responses to the arrival of the co-rotating interaction
region at the magnetopause on July 1%, at Kakioka, Urumgi, and Shigaraki. The
vertical line marks the sudden commencement at 14:12 UT.

determination of the solar wind speed.) Using for comparison
five clearly identifiable features in the IMF (three sector
boundary changes in B, and B, and two significant spikes in
B,), five delay times were measured: (ACE, Wind) = (9.36, 8.71),
(12.51, 11.76), (15.16, 14.64), (17.11, 16.57) and (18.35, 17.85)
hours. These measurements (taken from 1-minute data files)
give delays of 39, 45, 31, 32, and 30 minutes, giving a mean of
35 minutes with a standard deviation of 6 minutes.

Clearly, the delays derived from these spot values vary
considerably and are not reliable measures. Consequently, a
running cross-correlation was performed on the Wind and
ACE IMF data in order to determine a delay that is free from
the variations necessarily associated with point-to-point
selections.

Correlation of B, at Wind and ACE during the
event

Wind and ACE 1-second B, time series were used in these

https://www.mathematicsgroup.us/journals/annals-of-mathematics-and-physics 8

correlation tests (the analysis soon revealed that B, B, and B,
gave very poor results). A lagged cross-correlation of the ACE
and Wind time series covering the entire event would not have
been suitable for determining the delay because the limits of
the event and the centre of activity are not defined, and so the
result cannot be compared with a measured solar wind speed.
Instead, a series of 11 running cross-correlations were carried
out on the Wind B, data from 06:00 UT on July 1 to 06:00 UT
on July 2, against successively increasing intervals in ACE B,
data, each centred at 18:00 UT on July 1, and each of duration
n hours, where n = 1.0...6.0 in 0.5 hour increments. (Tests with
ACE B, centred from 14:00 to 22:00 UT in 1-hour increments
showed a rapid reduction in correlation when the centre
diverged from 18:00 UT, proving this to be the mid-point of
the IMF activity.)

In the resulting correlograms, as n increases, a distinct
peak in the correlation coefficient (p) steadily emerges above
the background. However, the value of p associated with each
peak does not increase with n, as can be seen in Figure 9a. In
fact, there is a distinct peak for n = 1.5, 2.0, 2.5, and 3.0 (p =
0.90, 0.88, 0.87, and 0.88, respectively), all of which give a
delay of 1610 seconds (Figure 9b), with Wind preceding ACE.

The correlograms for each of these four values of n are
shown in Figure 10, in which the peak emerges above the
background as the width of the ACE interval increases from n
= 1.5 to n = 3.0. It is considered that the ACE interval defined
by n = 3 (from 15:00 to 21:00 UT), with p = 0.88, gives the
optimum correlation (the peak is more distinct relative to the

Wind IMF, July 1 08:00 UT to July 2 08:00 UT
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Figure 7: IMF flux density at the Wind spacecraft during July 1st and July 2nd, 2005.

(The dotted lines mark the features selected for comparison with ACE in Figure 8.)
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background, even though p = 0.90 when n = 1.5). The result is
clearly robust because all four values of n give the same delay
which, when applied to Wind, gives the optimum interval from
14:33 to 20:33 UT (27 minutes delay, to the nearest minute).
These UT limits are marked in Figure 5c as dotted lines.

With a mean separation between Wind and ACE of 149820
km, this 1610-second delay gives a mean solar wind speed of
93.4 km.s™, which is obviously incorrect, being based on a
delay in the field, not the particles. Consequently, consideration
must now be given to the relationship between the solar wind
and its embedded magnetic field.

An algebraic model of the field line geometry
at L1.

The solar wind speed cannot simply be derived by dividing
the separation of Wind and ACE along the Sun-Earth axis by
the delay in the field because the particles emanate radially
from the Sun as it rotates, but the frozen-in magnetic field
is rooted in the photosphere. Any given field line represents
the locus of all the particles originating at a single location on
the solar surface, forming an Archimedean (or Parker) spiral
[5], a curve that in polar coordinates (r,0) can be described by
the equation r = a + bo. For the solar wind, a represents the
solar rotation rate and b the bulk speed (effectively, the speed
in the Sun-Earth direction). For example, b = 250 (km.s) gives
a typical field line with the angle between the spiral and the
Sun-Earth line at 1 AU being = 45°, which is indeed the angle
confirmed by observation during periods when this solar wind
speed is dominant.

ACE IMF, July 1 08:00 UT to July 2 08:00 UT
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Figure 8: IMF flux density at the ACE spacecraft during July 1st and July 2", 2005.

(The dotted lines mark the features selected for comparison with Wind in Figure 7.)
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By demonstrating how the process of field line growth in
the vicinity of L1 is related to the particle flux it is possible to
calculate algebraically the speed of the fast solar wind stream
as a function of the delay in the IMF between two spacecraft at
known locations, without recourse to a numerical computation
of field line growth (which is very demanding in terms of
computing time).

The Sun-Wind-ACE IMF system is shown schematically in
Figure 11. A single location (i.e. a single field line) is considered.
An element of solar wind plasma is emitted from solar location
S, travels radially along the Sun-Wind line, and subsequently
arrives at the Wind spacecraft (P, ), carrying with it the magnetic
signature of its source location at the solar surface. During the
travel time of the plasma element to P_, the Sun has rotated for
a time period AT (=AT,, + AT,), and released a further element
from the same solar location (now at position S,) which has
travelled radially along the Sun-ACE line to position P,.

AT, = AT, +AT, (1)

It is assumed: (i) that the magnetic field strength of the
solar plasma at the location considered does not significantly
change during the rotation from S, to S,, and (ii) that the
plasma is emitted at the same speed from both locations.
These assumptions are considered to be reasonable because
the rotation time AT, is only 1268 seconds. (Of course, though
plasma is emitted continuously, only those elements relevant
to this model are considered.)

The total (correlated) delay in the field (T) between Wind
and ACE consists of two components: (i) the delay resulting
from solar rotation (AT,), and (ii) that resulting from the
difference in the radial distances of Wind and ACE from the
Sun (AT,):

AT = AT, + AT, (2)

Key

Pw particle ot Wind

Pa particle en route to ACE from some locotion
ATw solar rotation time: Wind to Sun-L1

ATa solar rotation time: ACE to Sun—L1

ATs = ATw + ATa

AT = ATs + AT, = delay in B waveforms

Ro = radial distance So to ACE

Rw = radial distance Sw to Wind

ACE

AT,

Wind, Pw
1

1
|

Figure 11: Geometry of Sun, ACE, and Wind, showing particles emitted radially from

a single location on the solar surface (and which therefore occupy the same field
line).
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The solar wind travels the difference in the radial distances
between Wind (R, ) and ACE (R,) at speed V, in time AT,:

AT, =—e_—w (3)

Eliminating AT,, these three equations reduce to the
relation:

- RH_RW
*T AT — AT’ (4)
or
AR
V=u-——.
* T AT - AT, (5)

Consequently, the solar wind speed is given by the ratio of
the difference in the distances of Wind and ACE from the Sun
to the difference between the correlated delay in the IMF from
Wind to ACE and the solar rotation time between the Wind and
ACE sub-solar locations.

In developing this algebraic model, the only assumptions
made about the nature of the solar wind are that over large
distances (such as from the Sun to L1): (i) on average, particles
in the heliosphere travel in straight radial lines, and (ii) over
short time intervals (typically, minutes) particles from the
same location on the Sun travel at the same average speed.

Use of the model for the event in question

[Itisemphasised that the Sun-to-Earth distance is 100 times
that between L1 and Earth, and about 1000 times the distances
in the vicinity of the ACE-Wind-L1 system. Consequently, the
angle subtended at the Sun-centre by Wind and ACE is only
about 0.2°, which justifies the geometric approximations made
below].

In equation 5, the value of AT when ACE and Wind exhibit
peak correlation in B, (AT, = 1610 seconds from Section 4) is
already known for the event in question, but R and AT, have
yet to be determined.

Tests proved that, on these distance scales, the spacecraft is
close enough to the Sun-Earth line for the Y and Z components
of the spacecraft positions to have a negligible effect on the
outcome. Consequently, AR (the distance between ACE and
Wind along the Sun-Earth line) is equal to the distance between
the GSE X components of ACE (at 18:00 UT) and Wind (at 17:33
UT, 27 minutes earlier according to the correlation test) on July
1

AR=IX, - X, | (©)

AT, (the time taken for the locus of a field line on the Sun
to rotate from the Sun-Wind line to the Sun-ACE line) is a
function of the angle subtended at Sun-centre by Wind and
ACE (8,,, in radians) and the time taken (T, ) for the Sun to

complete one rotation (27 radians):

ATS = Tsun‘% (7)
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For T we adopt the Carrington sidereal rotation time
(25.38 days), based on a helio-latitude of 26°. The variable
6,, (radians) is the ratio of the length of the arc of the sector
subtended by Wind and ACE at the Sun (Y,,) and the distance
from the Sun to the Wind-ACE system (X_ ):

sSwa

Y
6 = wa
" XSWU (8)
Assuming that it is not an arc but a straight line (reasonable
on these scales), Y, . is the sum of the GSE Y components of ACE
and Wind:

Y, =Y, +Y, (9)

X, .. the mean distance between the Sun and the Wind-ACE

system, is the difference between the Sun-Earth distance (X_,)
and the distance of the Wind-ACE system from Earth:

X =X_-X (10)

The distance of the Wind-ACE system from Earth is
assumed to be equal to the mean distance of Wind and ACE
from Earth (because X <<X_):

Xyg=——1 (11)

Finally, X, is the Sun-Earth distance, which is the product
of the mean value for 1 AU (1.495978707 x 10® km) and a
correction factor (1.016701) based on the fact that Earth's orbit
has an eccentricity of 0.0167 [24].

Inserting equations 8 to 11 into equation 7 gives:

T (Y, +Y)

sun

72X, -X,-X) (12)
Equations 5, 6, and 12 can then be reduced to a single
formula (equation 13) that derives the solar wind speed (V) as
a function of the delay time from Wind to ACE (AT) from a set

of fundamental parameters (the values of which are listed in
Table 1):

— ”(Xw _Xa)(zxse _Xw _Xa)
T AT (2X,, - X, - X,) - T, (Y, +Y,) (13)

sun

Substituting the values for parameters 2 to 7 in Table 1 into
equation 13 gives a function of the form V_ = f(AT) which is
plotted in Figure 12a. The dotted lines in the figure show the
specific case of V, = f(AT,) for AT, = 1610 s (parameter 1 in
Table 1), giving a solar wind speed (V) of 438.7 km.s™, a value
which agrees very closely with the speed measured by Wind
at 17:33 UT on July 1 (436.6 km.s), and that measured by ACE
at 18:00 UT (437.3 km.s™). This speed is within the boundary
between the slow and fast solar wind (400 - 450 km.s™).

Discussion
Error analysis

The total error in V, is a function of the individual errors in
the fundamental parameters listed in Table 1. As regards the
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error in AT, (parameter 1), correlation tests between the Wind
and ACE 1-second B, data revealed that a distinct delay (1610
seconds) can be derived from the period of maximum activity
(centred at 18:00 UT on July 1) in which B, is most structured.
The correlation coefficient remains almost constant (0.87 to
0.90) when the duration of this period varies from 3 to 6 (+ 1.5
to 3.0) hours. This is considered to be a robust result for which
the delay can be assumed to be accurate to within 1 second. As
the derivative of V. shows (Figure 12b), dV /d(AT) is only -1.28
km.s-2, which means that V_is accurate to within +1 km.s™.

However, the errors in AR and AT, must also be taken into
account, which are dependent on parameters 2 to 7 in Table
1. The Sun-Earth distance (X_) has been corrected for Earth's
orbit eccentricity on July 1 2005 by interpolation of a table of
aphelion and perihelion values (the aphelion being on July
5), so the error is assumed to be negligible. The Carrington
sidereal solar rotation time (T, ), consistent with the latitude

of periodic solar activity, is a well-known parameter that has
an uncertainty of no more than + 0.01 days (209 seconds). This

Table 1: Fundamental parameters required by equation 13.

Parameter Symbol Value Units Uncertainty
1 Wind-ACE B, delay time AT, 1610 secs negligible
2 Sun-Earth distance Xee 1.51993e+08 km  negligible
Solar sid | rotati iod
olar si erea' rotation perio T 25,38 days +0.07
(Carrington) sun
4 ACE GSE x component X, 1510923 km +40
5 ACE GSE y component Y, 266957 km + 40
6 Wind GSE x component X 1660791 km +20
7 Wind GSE y component Y, 279663 km +20

Vx = AR/(AT-ATSs)
T

438.7

SW speed (Vx km/s)

s ATc 4

I I L
1300 1400 1500 1600 1700 1800

I}
S
5]

dVx/d(AT) = —AR/(AT-ATs)?

AVx /)T (km.s™)

|
by
o

I | I I
1400 1500 1600 1700 1800
delay time from Wind to ACE (AT secs)

]
S
3
o
S
3

Figure 12: (a) Results of the algebraic model for the parameter values in Table 1.

(b) Derivative, dV, / d(AT). (Error bars are too small to be discernible on these plots.)
041
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also gives an accuracy for V_ to within + 1 km.s™. The errors in
the X and Y GSE positions of Wind and ACE, provided by NASA
GSFC, are within + 20 and 40 km (respectively). Tests show
that the effect of this uncertainty is negligible.

To summarise, the combined effect of the errors in Table
1 is that, using this method, the deduced solar wind speed is
accurate to within + 1 km.s* overall. When plotted, this value is
too small to discern in Figure 12.

Limits of applicability

To assess the efficacy of this method for other spacecraft
geometries it is necessary to consider their proximity in relation
to the response of equation 5 when AT, and AR vary, and to
consider how these variations affect not only the function
itself but also the gradient dV, / d(AT) (which determines the
sensitivity of V_with respect to AT). It is the gradient that is the
significant factor in this discussion.

Varying AT, (the angular separation of the spacecraft at the
Sun-centre) only translates the curve and its asymptote on the
abscissa in Figure 12. This will have no effect on the accuracy
of the deduced speed with respect to AT. Consequently, there
are no limits on the angular separation of the two spacecraft,
except for the reduction in waveform coherence which is in
turn affected by event intensity (discussed below).

The effect of AR on the accuracy of the deduced speed is
more significant. Figure 13 shows how dV, / d(AT) varies with
speed, for a range of values of AR from 120000 to 600000 km.
The approximate limits of the fast solar wind (450 - 900 km.s-
1) are marked by dashed lines, and the gradient values at -1, -2,
-4, and -8 km.s>are marked by dotted lines. The variation in
the accuracy of the deduced speed over a range of values of AR
can now be investigated.

For AT = #1 s, if an accuracy of 1 km.s is required,
then at a separation of 600000 km (curve 1 in Figure 13) the
maximum speed that can be deduced is 770 km.s™* (though
for slower speeds even higher accuracy is attainable). At half
the separation (curve 2) only speeds up to 550 km.s™* can be
deduced to 1 km.s™ accuracy. As the separation decreases,
this trend continues, so that in the case of curve 5 (separation
120000 km) the solar wind speed must be as low as 350 km.s™
(which is clearly in the slow domain where IMF structure is
lacking and therefore sufficient correlation is unlikely). For
a lower accuracy, the speed constraint can be relaxed. For
example, if 4 km.s™* is acceptable, then curve 3 shows that a
maximum solar wind speed of 900 km.s* can be deduced at
a separation of 200000 km, higher speeds requiring greater
separation (though speeds rarely exceed 1000 km.s™?).

Theimplications of Figure 13 are summarised in Table 2. This
shows that, for the highest accuracy (1.0 km.s), a separation
of over 600000 km is required to cover fast solar wind speeds
up to 770 km.s*. However, if the accuracy constraint is relaxed
to 8.0 km.s the full range of fast solar wind speeds can be
accommodated at a separation as low as 120000 km.

There is, however, another important factor: the coherence
of B, will diminish with increasing spacecraft separation,
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reducing the correlation coefficient, and therefore the accuracy
of AT. Richardson and Paularena [25] used IMF data from
multiple spacecraft to determine IMF correlation coefficients
for more than 4000 6-hour periods from 1997 to 1998
(irrespective of solar wind speed). As X separations increased
from 0 to 280 Re (1.78 x 10° km) the correlation coefficients
decreased by = 0.1. There was much more variation of the
correlation coefficients with spacecraft separation in the YZ
plane, with a significant decrease for separations greater than
45 Re (2.87 X 105 km).

Weygand, et al. [26] used simultaneous multi-point
measurements of the IMF from 11 spacecraft to determine the
correlation scale of the solar wind as a function of the mean
magnetic field direction and solar wind speed, involving a total
of about 4400 cross-correlations. At speeds < 600 km.s™! the
correlation coefficient decreased from 1.0 (at zero separation)
to 0.4 in the X direction and 0.2 in the YZ plane (at 2.0 x 10° km
separation). At speeds > 600 km.s™, the correlation coefficient
decreased to 0.2 in the X direction (the YZ value being the
same).

These results suggest that there is likely to be a separation
limit in both the X and YZ directions beyond which the
coherence of B, reduces to such an extent that the correlation
is too weak for equation 5 to give a useful result. However, this
limit is difficult to specify because it will also be dependent
on the amount of structure present in the IMF, which will in
turn be dependent on the intensity of the event under analysis
(related to the solar wind speed). For example, it is likely
that an energetic CME would provide sufficient structure to

AR (km)
600000
300000

--200000
150000
120000

1

oo LN -

400 600 800 1000
SW speed (Vx km.s™)

Figure 13: Variation of dV, / d(AT) with V, (AR increasing from 120000 to 600000

km, and AT, fixed at 1268 s). The dashed lines mark the nominal limits of the fast
solar wind.

Table 2: Maximum solar wind speed that can be deduced in equation 5, for variations

in accuracy and spacecraft separation (from Figure 13).

Accuracy in deduced Maximum solar wind speed (km.s™")

V forAT=%1s for spacecraft separation ( AR km)

(£ km.s™) 120000 150000 200000 300000 600000
1.0 350 380 450 550 770
2.0 490 550 640 770 1100
4.0 690 770 900 1100 >1100
8.0 975 1100 >1100 >1100 >1100
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allow for greater separations than those herein, though this
conjecture has yet to be tested.

(To determine the effect of variations in coherence a
statistical approach is required involving a range of selected
events with varying levels of activity. A study is in progress
that will address this subject.)

Slow solar wind

The same correlation tests carried out on a period of slow
solar wind on June 30 centred at 18:00 UT gave poor results:
correlation coefficients from 0.33 to 0.55, with peaks barely
above the background resulting in extreme, random delays
(probably because of insufficient coherence). Consequently, it
is concluded that this method is unsuitable for use on the slow
solar wind.

Parker spiral fluctuations

The model developed in Section 5 assumes that the solar
wind follows a simple Parker spiral structure: fluctuations
due to turbulence or electromagnetic instabilities have not
been taken into account [27]. Turbulence refers to a class of
phenomena that characteristically occurs in fluids and plasmas
when non-linear effects are dominant. Non-linearity creates
complexity, involvement of many degrees of freedom, and a
lack of predictability [28], making the true form of the Parker
spiral intrinsically statistical [29].

Analysis of heliospheric magnetic field observations
suggests that the majority of the fluctuations are transverse,
varying in the direction normal to the background magnetic
field. Such turbulence will cause the field lines to meander
across the mean field direction [30].

Considering that the model assumes the existence of a
non-turbulent Parker spiral, the close agreement between the
observed and modelled solar wind speeds (< 2 km.s™, or 0.4%)
is quite remarkable.

Use of other spacecraft

Though Wind and ACE have been used in this study, any
pair of current or future spacecraft that (1) are located in deep
space (i.e. not within planetary magnetospheres), (2) comply
with the limits of applicability defined in Section 7.2, and
(3) carry onboard magnetometers, can potentially be used to
determine the speed of the fast solar wind using the method
defined herein. Examples of current missions are Ulysses and
STEREO, plus the more recent Parker Solar Probe and Solar
Orbiter. However, given that these spacecraft are at various and
changing locations within the heliosphere, it is very unlikely
that any pair will be sufficiently proximate to satisfy condition
2 (the limits of applicability, Section 7.2). Only Wind and ACE,
located in the vicinity of L1, are suitable candidates (though
future missions may comply).

Conclusion

An algebraic model has been presented with which the
speed of a fast solar wind stream can be deduced from the
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interplanetary magnetic field using independent observations
of B, by two spacecraft at different locations. A running cross-
correlation using +3 hours of B, data at the mid-point of the
active period gave a distinct peak with a correlation coefficient
of 0.88 and a delay of 1610 seconds. Substituting the cross-
correlated delay into the algebraic model gives a solar wind
speed of 438.7 km.s™, a result which agrees with the measured
speed at Wind and ACE to within 0.4%.

Though this result is based on a specific case, the model
can, in principle, be applied to any two spacecraft that comply
with the following conditions:

1. The smaller the radial separation of the two spacecraft,
the greater the uncertainty in the deduced speed
(becoming uncertain at less than about 120000 km, and
insoluble at zero separation),

2. The greater the radial separation of the two spacecraft,
the less will B, remain sufficiently coherent to give an
adequate correlation (though compensated by (4) to
some extent),

3. There are no constraints on angular separation, even if
the spacecraft is on the same helio-meridian (though
the coherence limit in (2) still applies),

4. The more intense the activity (e.g. energetic CMEs) the
more structure is likely to be present in the IMF and the
more likely is an adequate correlation with increased
spacecraft separation (both angular and radial).

Given these conditions, the method provides a means of
determining the speed of the solar wind particle flux using
measurements of the flux density of the magnetic field. This
is useful in situations when particle data is not available, such
as in cases of instrument failure, or sensor saturation during
very energetic CME events, when magnetometers continue
to function. However, given the requirement that a pair of
spacecraft with the above separation constraints are required,
it is accepted that such occasions will inevitably be infrequent.

Tests have shown that there is insufficient coherent
structure in the slow solar wind for this method to be applicable.
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