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ABSTRACT

An improved kinematic method is used to perform 

simulation studies of temporal and spatial variations of 
solar wind speed and interplanetary magnetic field during 
periods when the sun is quiet and when it is active. The 
procedure of Hakamada and Akasofu (1982) is improved and 
calibrated with a one-dimensional magnetohydrodynamic solu
tion of solar wind flow. The solar-cycle evolution of 

solar wind velocity is studied using the data sets of King 
(1979, 1983) and Hoeksema et al. (1982, 1983) for the 
period 1976 to 1982. It is found that the gradient of the 
quiet-time solar wind speed as a function of magnetic 
latitude is steepest near solar minimum and most broad at 

solar maximum.
The background solar wind velocity and magnetic field 

are simulated and compared to observations near the earth. 
Three-dimensional representations of the heliospheric 
current sheet (HCS) are displayed out to 5 AU for idealized 
dipole and quadrupole cases, and for observed source field 
configurations. The high latitude IMF and surfaces of 
constant magnetic latitude are also presented.

The propagation of solar wind disturbances in the 
solar equatorial plane to 30 AU is simulated. Two major

iil
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disturbance event periods are simulated, and it is seen how
a series of solar flares can greatly disrupt both the inner
and outer heliosphere. Visual representations of the
distorted HCS due to a series of hypothetical solar flares
are presented.

A method of generating the polar component of the IMF
vector, B , is also developed. It is shown that field-line z
motion at the source surface provides a mechanism for the

propagation of B into interplanetary space.z
This study shows that an improved kinematic method can 

be used to quantitatively model the three-dimensional 
heliospheric structure. Such a modelling scheme, which 
takes the stream-stream interaction into account, is 

necessary for the accurate prediction of near-earth solar 
wind parameters during quiet times and active periods.
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posed .
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Figure 3.22c. Same as Figure 3.22a, but for Carrington 147
rotation 1684.
Figure 3.23. First 10 days of Figure 3.22a shown in 
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Figure 4.2. Heliospheric current sheet to 5 AU
(dipole case) for the same view angles, (a) - (d), as 
Figure 4.1.
Figure 4.3. Meridional cross-sections of constant
magnetic-latitude surfaces, for dipole tilt angle,
X = 20°. The radial limit is 2 AU, and frames are shown
every 10 in longitude.
Figure 4.4. Same as Figure 4.3, but radial limit is
5 AU.
Figure 4.5. Surfaces of constant magnetic latitude
10 , 30°, and 50 for the two-sector situation. Sur
faces extend out to 2 AU.
Figure 4.6. Same as Figure 4.5, but out to 5 AU
radial distance.
Figure 4.7. (a) Magnetic latitude contours on the
source surface for the two-sector situation, and
X = 20°; (b) Cross-section of iso-magnetic latitude
surfaces at 1 AU; (c) Same as (b), but at 2 AU; (d)
Same as (b), but at 5 AU.
Figure 4.8. Heliospheric current shee£ out to 2 AU
for the two-sector situation, and X = 60 . Observer's 
view angle is longitude = 0 and 110 , and
latitude = 0 , 20 , 40 and 60°.
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Figure 4.18. Heliospheric current sheet obtained by 193
extending the Stanford (potential analysis) neutral 
line out into interplanetary space using the kinematic 
procedure. Observer's view angle is from 
longitude = 300 and latitude = 30°. The 'zero' longi
tude (marked by the gap in the current sheet) corre- 
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14.20a-d.
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Middle: high wind speed distribution for, T = 0,
<}> = 302.4°, X = 0°, V F = 820 km s" , t = 5 nr and 
a = 80°, at the maximum epoch. Bottom: time variation 
of the source speed for x = 5 hr and V„ = 820 km s .r
Figure 5.2. The disturbed IMF pattern caused by a 207
flare characterized by T = 0, ♦ = 45 , X = 0,
Vp = 800 km s’ , x = 12 hr and a = 60 at (a) T = 0.5,
1.0, 1.5 and 2.0 days with the outer limit of 5 AU, (b)
T = 3.0, 3.5, 4.0 and 5.0 days with the outer limit of 
5 AU, and (c)T = 12, 36, 48 and 60 days, with the outer 
limit at 25 AU.
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Figure 5.3. The solar wind speed and the IMF 211
magnitude profiles as a function of radial distance
along the radial line § = 45 in the equatorial plane
at (a) T = 1.0, 2.0, 3.0 and 5.0 days, and (b) at T=10,
20, 30 and 40 days.
Figure 5.4. The time variations of the solar wind 214
speed and of the IMF magnitude at a radial distance of 
1, 2, 5 and 10 AU along the radial line at longitude
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Figure 5.5. The disturbed IMF pattern caused by (a) 215
a flare characterized by <f> = 0, T = 0, X = 0,
V = 800 km s , x = 24 hr and a = 45° and(b) a flare
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Figure 5.6. The disturbed IMF pattern caused by 218
flares with different maximum speeds, (a) VF = 200 km 
s and (b) V = 1000 km s" . The other parameters are
the same, T_ = 0, <J> = 0, X = 0, t = 12 hr and a = 45 .r

Figure 5.7. The disturbed IMF pattern caused by 221
flares with different values of the time variation 
parameter, (a) x = 1 hr and (b) x = 12 hr. The other 
parameters are. the same, T = 0, <J> = 0, X = 0,
V F = 800 km s , a = 45°. *
Figure 5.8. The disturbed IMF pattern caused by 224
flares with the high speed area a = 60 . The other .
parameters are T = 0, 4> = 0, X = 0, V = 800 km s
and x = 12 hr.
Figure 5.9. The disturbed IMF pattern caused by a 226
double flare characterized by Flare 1 (T = 0, ♦ = 0,
X = 0, V p = 800 km s , x = 12 hr and a = 60) and Flare
2 (T = 48 hr, <f> = 28.3, X = 0, V = 1000 km s ,
x = 12 hr and a = 20). (a) T = 0.0, 1.5, 3.5 and 7.0 
days with the outer limit of 5 AU and (b) x = 12, 24,
36 and 48 days with the outer limit of 25 AU.
Figure 5.10. The solar wind speed and the IMF magni- 228
tude profiles as function of radial distance along the 
radial line of 4> = 45 in the equatorial plane at (a) T
= 1.0, 2.0, 3.0 and 5.0 days, and (b) at T = 10, 20, 30
and 40 days.
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Figure 5.11. The time variations of the solar wind 
and of the IMF magnitude at a radial distance of 1, 2,
5 and 10 AU along the radial line at longitude 4> = 45 
in the equatorial plane.
Figure 5.12. The disturbed IMF pattern caused by six 
successive flares in the quadrupole condition (see the 
text for the six flare parameters) (a) T = 1, 2, 3, 5, 
7 and 11 days at 5 AU, (b) T = 10,15, 20 and 25 days at 
10 AU and (c) T = 20, 30, 40 and 50 days at 15 AU.
Figure 5.13. The time variations of the solar wind 
and the IMF magnitude at a radial distance of 1, 5 and 
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and (b) = 135°.
Figure 5.14. Solar wind speed observations by Voyager 
1 at a radial distance of 7.5 ~ 8.5 AU and by Helios 1 
at a radial distance of 0.5 AU (with a^time delay 
assuming a constant speed of 500 km s ).
Figure 5.15. Hydrogen-Alpha synoptic charts for 
Carrington Rotations 1722, 1723 and 1724 from Solar 
Geophysical Data, no. 455, 456, 457 and 458. The three 
active regions, A, B and C are indicated.

Figure 5.16. Hydrogen-Alpha filtergram profiles near 
central meridian passage time of the three regions A, B 
and C (Solar-Geophysical Data, no. 455, 456, 457, 458).
Figure 5.17. Satellite situation charts at the time 
of the 8 flares. The locations of the flare, Venus 
(Pioneer 12), Earth, Pioneers 10, and 11 are shown at 
00 UT on each flare date. Note that in this figure, 
the radial distance is given on a logarithmic scale in 
astronomical units (AU) (A. Barnes, private communi
cation) .
Figure 5.18. Solar speed observed at Pioneer 10, 11 
and 12 and the magnetic field magnitude observed at 
ISEE-3 for the period 20 June to 20 August, 1982 (E. J. 
Smith, private communication).
Figure 5.19. Energetic particle Cherenkov Detector 
data at Pioneer 10 and 11, and the Deep River neutron 
monitor record during the period between 1980 and 1983 
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CHAPTER 1

1.1 Introduction
The objective of this thesis work is to develop a 

method to determine the large-scale structure and evolution 
of the interplanetary magnetic field (IMF), as well as the 
transient variations. This method must be capable of quan
titatively modeling the IMF variations observed in inter
planetary space. It may ultimately be used as a predicting 

tool. Based upon conditions near the sun, the solar wind 
can be mapped out into space, both near the ecliptic and at 
high solar latitudes. Much attention is paid to the study 
of the solar wind and its interaction with the magneto
sphere, which has profound effects on the near-earth space 
environment. The IMF plays a key role in this interaction.

A model, in the scientific sense, is an artifact used 
to simplify complicated physical processes in order to 
describe some phenomena. A set of equations which govern 
the behavior of a system (for instance, the solar atmo
sphere) can be used to describe a model. However, very 
few, if any physical systems can be completely described by 
a set of equations. So assumptions and approximations are 
made until the equations, with appropriate initial and 
boundary conditions, reproduce observations. This is often
a trial and error process. When observations are not

1
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available, a model can be developed based upon theory, 
again with assumptions and approximations. The model now 
becomes a predicting tool. When observations become 
available to test the model, the predictions may be 
contradicted. If the scientist trusts the accuracy of the 
observations, he modifies the assumptions, approximations, 
and as a last resort, the theory. A new model evolves.
With the advent of computers, models take on a more 
concrete meaning. Plots of equation variables can be made 
with ease. Pictures and plots are produced which simulate 
or even "look like" real objects or observations.

1.2 Historical review
The earliest connection between solar activity and 

geomagnetic activity, or effects on earth's environment can 
be traced back to Sabine in 1852 (Hultqvist, 1973) and 
Carrington (1860). This concept was met with skepticism, 
as Lord Kelvin said in 1892, "It seems as if we may also be 
forced to conclude that the supposed connection between 
magnetic storms and sunspots is unreal, and that the 
seeming agreement between periods has been mere 
coincidence." (Akasofu, 1983). Bartels (1932) hypothesized 
that mysterious or "M" regions on the sun were responsible 
for recurring geomagnetic storms. These regions, locked to

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



3

the sun's rotating sphere, swept by the earth at 27-day 
intervals. Chapman and Ferraro linked the aurora and the 
disturbed geomagnetic field to intense solar activity 
(1931). Bierman (1951) suggested comet tails were blown 
away from the sun by a steady stream of solar origin. This 
may have been the first prediction of a solar wind. But 
the solar wind theory was not completely developed until 
Parker (1958) published his pioneering work on the 
prediction of the supersonic solar wind. This paper was 
based upon the assumption that the sun's atmosphere was 
expanding outward against gravity. The thermal expansion 
dominated over gravitational confinement of the coronal 
plasma and the plasma accelerated outward. At some 
critical point in the solar atmosphere, the flow speed 
exceeds the local sound speed. Actually, the relevant 
fluid dynamic equations written in terms of the Mach number 
possesses four sets of solutions. According to Parker, 
only one set of solutions was realizable by the boundary 
conditions imposed by the steady-state solar atmosphere 

system.
With the advent of satellite observations, Parker's 

model gained acceptance. In fact, when solar wind 
parameters were averaged over a long enough time, they 
closely matched Parker's prediction. In Parker's model, 
the sun possesses a dipolar magnetic field rigidly rotating
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with the solar body. The coronal plasma flows nearly 
radially outward (with a small azimuthal component in the 
velocity). Since the conductivity of the plasma is 
considered to be near infinite, the magnetic field is 

frozen to the plasma. It is swept outward by the plasma 
flow. In a frame rotating with the sun, the magnetic field 
lines lie along streamlines. By geometrical considerations 
and particle flux conservation, the magnetic field can be 

shown to be

r 2
B r(r,6,*) = B(rQ ,0) ( — )

r 2 wrsinG
B.(r,©,«M = B ( r , 0 ) ( — )o '  ‘  v ' 2 2 1/2r [(wr sinG) + v ] 7 1v o ' roJ

B q ( r , 6 , ♦ )  =  0

where
r = source surface radius o
v = radial velocity at source surface ro 1
« = solar rotation rate

In Parker's model, B(r , 9 )  = B q c o s 0  at the inner boundary. 
One end of the field line is anchored to the sun, and a
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combination of solar surface rotation and outward plasma 

flow causes the field lines to spiral outward. Observations 
made aboard Skylab in the early 1970's disclosed the 
existence of coronal holes, large dark regions on the sun 
when viewed at x-ray wavelengths. These coronal holes were 
linked to the high speed streams of solar wind measured by 
satellites, and at last a source of M-regions was found 
(Krieger et al. , 1973; Neupert and Pizzo, 1974 ). Satellite 
observations did show that on the short time interval, the 
solar wind did not conform to Parker's model. Rapid 
fluctuations in the IMF were the rule rather than the 
exception. Belcher and Davis (1969) reported observations 
of large amplitude Alfven waves propagating outward from 
the sun. Also, sudden increases in velocity, and changes in 
the IMF vector occurred following transient events such as 
solar flares. It turned out that the actual solar wind 
morphology was much more complicated than predicted by 

steady-state models.

1.3 Present viewpoint
Our current understanding of the solar wind can be 

summarized as follows. The background solar wind is 
essentially a fully ionized, collisionless plasma when 
considered on the large scale. The outward flow of the
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solar wind plasma is assumed to be adiabatic and isentropic, 

except at shock fronts. Features such as planetary bow 
shocks have characteristic scale - lengths on the order of 
both the average ion gyro-radius and the Debye length. They 
can be ignored on the global heliospheric scale. Due to the 
high conductivity, the plasma frozen field condition holds. 
Within a few solar radii of the photosphere, the plasma 
corotates with the sun and is confined to flow along the 
strong coronal magnetic field lines. The sun has a 
differential rotation rate. That is, lower solar latitudes 
rotate at higher angular velocities than poleward latitudes. 

This effect decreases with altitude, and differential 
rotation is usually ignored when discussing features outside 
a few solar radii. The solar wind plasma, when treated as 
consisting of a single fluid, flows nearly radially outward 
from the sun. The transition region, between 1-3 solar 
radii, where plasma flow energy begins to dominate over 
magnetic field energy, is called the solar wind source 

region. This region is often idealized to a surface 
surrounding the sun. Above this source surface, instead of 
the coronal magnetic field confining the plasma, the 
magnetic field is frozen to the plasma and is carried
outward with the solar wind flow. The solar wind radial
speed is on the order of a few tens of kilometers per second
at the source surface and increases to 300-700 km s  ̂ at 20

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



7

to 40 solar radii distance. Here the tendency for the flow 
to distort the field lines becomes complete. Azimuthal flow 
velocity is generally less than a few km s-"*".

In this discussion we are ignoring small-scale high-
strength magnetic fields of active regions, for simplicity.
For a dipole-like global solar magnetic field, the
photospheric field lines extend outward into the corona in
one hemisphere and curve back to the photosphere in the
opposite hemisphere. Further from the sun, the higher
latitude open field lines stretch radially outward to great
distance in one hemisphere and inward in the other. If the
dipole axis is inclined to the solar rotational axis, some
regions of outward directed lines will extend below the
solar equator. Some regions of inward directed lines will
extend above the equator. Here we assume the positive
magnetic pole lies in the northern solar hemisphere.

. 2Since the radial field falls off as r and the 
azimuthal field decreases as r’1 , the spiral lines are wound 
tighter and tighter at large distances from the sun. The 
oppositely directed field lines in interplanetary space must 
be separated by some current sheet, otherwise they would 
reconnect. This current sheet is an extension of the source 
surface neutral line out into the heliosphere. As the 
corotating IMF structure sweeps past the earth, we are 
immersed in regions of predominantly inwardly or outwardly
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directed lines. These regions are called sectors and when 
the current sheet sweeps past the earth, the IMF reverses 
direction at the sector boundary. The magnetic field is 
intimately related to the solar wind flow pattern because of 

the frozen field condition. We must consider the bulk flow 
structure to model the global IMF. Observations indicate 
that flow speed increases with distance from the magnetic 

neutral line.
Typical solar wind parameters are displayed in Figure

1.1. The solar wind bulk speed and IMF data from King 
(1983) are shown for the period 15 April - 11 May, 1979, 
corresponding to portions of Carrington rotations 1680 and 
1681. The effect of two high speed corotating streams can 
be seen in the velocity plot. The bulk velocity tends to 
increase rapidly following the sector boundary crossing. The 
crossings are clearly indicated in the IMF $ angle plot as 
the angle abruptly changes from about 135° to 315° on April 
21 and again changes back to 135° on May 5. The IMF 
magnitude tends to increase for a day or so following the 
current sheet crossing, but 0 shows no obvious response to 
the crossing. In fact, © continues to vary apparently at 
random about 0 = 0°, indicating the passage of a broad 
spectrum of Alfven waves in the solar wind. We see that 
solar activity complicates this simplified view of the solar 
wind structure. Figure 1.1 shows a rapid increase in solar
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Figure 1.1. Typical solar wind parameters for the period 
15 April to 11 May, 1979. Solar wind bulk speed, IMF 
magnitude, 0 and § angles are shown in GSE coordinates, as 
well as IMF B in GSM coordinates. Data set is from King 
(1983). 2
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wind velocity at about 0 UT on 25 April, possibly associated 
with a flare which caused widespread Sudden Ionospheric 
Disturbances (SIDs) on 22 April. The IMF morphology will be 
discussed in more detail in the following chapters.

The features of the IMF in the ecliptic plane are 
important to the dynamics of the sun-earth interaction.
They are particularly important in the energy transfer from 
the sun to the responding earth environment. The IMF 
features at high solar latitudes must be inferred from low 
latitude observations. Most of these observations have been 
made near the earth, and the earth is not a very good probe 
of the heliosphere. The annual excursion of the earth above 
and below the sun's equatorial plane is only ~ 7.25° and 
yet, models of the high latitude IMF are necessary to 
interpret out - of - the - ecliptic spacecraft and interplanetary 
radio scintillation observations. The global, or large 
scale, features of the heliosphere are difficult to 
visualize, and computationally difficult to model. By 
solving the full set of MHD differential equations for the 
solar wind system, one could, in principle, be able to 

accurately model the solar wind. Unfortunately, the lack of 
computational power and limited theoretical development has 
allowed realistic modeling in only one or two dimensions by 
the MHD method. Some simplifications are necessary.

The kinematic method of simulating solar wind parameters
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was developed by Hakamada and Akasofu (1982) at the 
Geophysical Institute, University of Alaska-Fairbanks.
Pizzo (1982) criticized this kinematic technique as being of 
limited use and requiring careful manipulation of input 
parameters to provide after-the-fact agreement with 
observations. In spite of the objections of some 
researchers, the Hakamada-Akasofu, or HA method, has been 
able to provide three-dimensional representations of the 
global solar wind features. In particular, the radial 
velocity, number density, and radial and azimuthal magnetic 
field components have been simulated. Akasofu et. al.
(1983) have used this kinematic method to model the 
equatorial plane propagation of solar wind disturbances. We 
shall see in the following chapters that one set of 
kinematic code parameters provides agreement with 
observations over a wide range of locations out in the 

heliosphere.
The essential features of the kinematic method are 

outlined here. Hakamada and Akasofu begin with the following 
assumptions:

i) The solar wind speed increases with angular 
distance from the magnetic neutral line.

ii) The neutral line on the sun can be expressed 

in terms of X = Xsin (<J>+<f>0 ) for the dipole case, or X =
Xsin (2<f>+<J>o ) in the quadrupole case. Here X is the

.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



12

latitudinal excursion of the neutral line from the 
heliographic equator. The dipole axis is inclined with 
respect to the rotational axis. The magnetic neutral line 
is then the same as the magnetic equator.

iii) The inclination angle, x> of the dipole axis 
varies slowly during the solar cycle.

With these assumptions, the solar wind is represented by 
streams of fluid parcels, or "particles". Particles emanate 
from a spherical source surface which has a radius of 2.5 
solar radii. The source surface rotates with a constant 
angular velocity, and when viewed from a point fixed in 
space, the inclined dipole appears to wobble as it rotates. 
The velocity of particles leaving the source surface varies 
from a minimum of 300 km s-"*- at the neutral line, to a 
maximum of 775 km s-1 at the magnetic poles. Regions with 
different source speeds sweep past a point in space as the 
sun rotates. The faster particles overtake the slower 
particles and stream-stream interaction allows shocks to 

form.
We can plot the radial distance (R) a particle attains 

at a given time versus the time (x) it left the sun. The 
initial R-t relationship is shown by the dot-dash pattern in 
Figure 1.2 from Hakamada and Akasofu (1982). Stream-stream 
interaction is taken into account by a two-step process. 
First, the faster particles are decelerated and the slower
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R R - t  DIAGRAM

TIM E (DAYS)

Figure 1.2. Radial distance, R, versus age of particles, 
r, is shown along with the method of adjusting particle 
positions due to stream-stream interaction. Figure is 
adapted from from Hakamada and Akasofu (1982).
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particles are accelerated. Hakamada and Akasofu used the 
relationship

R = (Vt=_T - VQ )'F(t)*G(t)-t + V Q ’F (t )‘t

where
F(t) = A exp(-(t/T1 )) + B 

G (t ) = A exp(-(t/t2 )) + B

The constants V , A, B, t .̂, and t 2 are adjustable 
parameters. This new curve is shown by the dashed line in 
Figure 1.2. Next the particle positions are adjusted to 
prevent any passing of the slower particles by the faster 
particles. Also, a finite amount of compression of the 
fluid is imposed by fixing a minimum slope of the R-t 
curve. Again, referring to Figure 1.2, the slope is 

adjusted by the formula

R(a) - R(b)
  ^  0 . 2
R( a ) - R (c )

By constructing two R-t diagrams at successive time 
steps, the velocity profile can be found along any line 
fixed in space. The velocity, V, is estimated by the amount
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of displacement between the curves; V = AR/At for each 
particle. These researchers also obtained the IMF magnitude 
and number density by using magnetic flux and mass flux 
conservation. Particles which emanate from a given point 

fixed on the rotating sun will lie along the same field 
lines. Remember that field lines are also stream lines in a 
frame rotating with the sun. From geometrical 
considerations, in the equatorial plane the number density 
(n) is

n (cm'3 ) = 0.125 n
( v ro

1/2

and IMF magnitude, B, is

B (nT) = 0.0884 nQ ((1 + 3sin2Xm ) [1 - (vr/v )])1/2

where n denotes the number of field lines measured between o
distances r = 1.0 AU and r = 1.05 AU along the line fixed in
space; v and v, refer to the radial and azimuthal r ' ro <J>o
components of solar wind velocity at the 2.5 solar radii 

source surface; v f and v^ are the velocity components at 1 
AU.
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The active solar wind is simulated by varying the 
velocity distribution on the source surface. Hakamada and 
Akasofu used their scheme to successfully simulate the 
general features of both the quiet time and disturbed solar 
wind. However, as pointed out in their paper, the 
parameterized equations in the HA model needed calibration 
with empirical results. Also, theoretical considerations 
such as MHD solutions if available, could be used to further 
calibrate the model. Sun et al. (1985) provided a tentative 
calibration of the HA code with a 1-D MHD solution, by 
comparing the solar wind velocity profiles produced by the 

two methods.
The major shortcoming of the kinematic model was that it 

could not deliver the polar component of the IMF. In the 
following chapters, we improve the HA model and use it as a 
tool to study the IMF. We calibrate the HA model using the 
method of Olmsted and Akasofu (1985). This method will be 
discussed in Chapter 2. Ways to obtain the polar component 

of the IMF are also developed.

1.4 Summary
As a first approximation, the kinematic approach to 

modeling the IMF offers several advantages. The behavior of 
the resulting IMF depends only upon the history of
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conditions on the solar source surface. Also, the computer 
code for modeling the entire heliosphere becomes manageable. 
The kinematic method requires that we determine the 
relationship between solar wind fluid parcel, or particle 
velocity and source surface magnetic field configuration.
The IMF lines have foot points anchored to the source 
surface, and are carried outward by the parcels. Knowing 
the position of each parcel at all times in the simulation 
allows the mapping of the IMF. The generality of this 
method lies in the fact that the field line configuration 
depends only upon the fluid parcel positions. In the future 
perhaps computers can handle the more accurate but 
computationally more difficult MHD solutions. For now, the 
HA kinematic method of modeling the solar wind provides a 
powerful diagnostic and prognostic tool.

We began this chapter with a short historical review, 
and then described the kinematic model we use as our 
research tool. In Chapter 2, the kinematic equation 
parameters will be adjusted to provide good agreement with 
the 1-D MHD solutions. An improved method of determining 
the IMF vector at any point in the heliosphere will be 

presented.
In Chapter 3, we look at the source velocity 

distribution function by comparison with observations.
Since the IMF out in interplanetary space is driven by
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conditions near the sun, it is necessary to develop a method
to model the velocity distribution at the solar wind source.
We will use the Stanford potential field analysis (Hoeksema,
et al. 1982, 1983) and hourly average solar wind parameters
(King, 1979, 1983).

The quiet-time solar wind at high heliographic latitudes
is modeled in Chapter 4. Various source velocity
distributions are used to produce equi-magnetic latitude
surfaces. We predict the high latitude IMF, noting that
direct observations from high solar latitudes will not be

available for several years.
Chapter 5 departs from the quiet-time background

studies, as source disturbances are introduced. We simulate
hypothetical and actual solar events and attempt to
reproduce the in-situ spacecraft observations. Disturbances
propagate outward in the heliosphere and distort the solar
wind current sheet. The behavior of the IMF will depend
upon both the location of the disturbance on the source
surface, and upon where the observations are made.

The least understood quantity in the solar wind, the
polar component of the IMF (B ) is studied in Chapter 6. Wez
introduce several new models of ways to generate B .z
Disturbances in the IMF include source field motion, Alfven 
wave propagation and so-called "magnetic clouds". We show
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that the first and last types of disturbances may be 
different manifestations of the same phenomena.

Chapter 7 ends the study by highlighting the major 
results and conclusions. Suggestions for further work in 

this topic are presented.
We now begin our study of the IMF.
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CHAPTER 2

2.1 Introduction
The kinematic method of determining velocity, density 

and magnetic field provides a realistic first order 
temporal and spatial representation of solar wind 
conditions. Hakamada and Akasofu (1982) demonstrated 
several advantages of their HA method. The HA method does 
a fairly good job of replicating solar wind observations in 
the solar equatorial plane. Ease of use and speed of 
computation are perhaps the most important advantages.

The first requirement of the model is to accurately 
locate where in space we want our results to be obtained.
An ephemeris section is included to locate the observation 
points. This ephemeris incorporates several coordinate 
transforms. Care must be taken here because in the 
following chapters observations will be compared with model 
calculations. We make every effort to make our 
calculations coincide in space and time with the 
observations we want to simulate.

Next, observed source magnetic field configurations
are included in the model. The coronal magnetic field is
only approximated by a dipole. The actual configuration is
more complicated. The temporal variations observed at the
earth in large part depend upon the shape and location of

20
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the source surface neutral line. We use idealized 
(sinusoidal) and realistic neutral line representations.
The Stanford potential analysis (Hoeksema, et al., 1982, 
1983) is used as the basis of the realistic source field 
configuration.

Several improvements to the HA computer code are then 
discussed. The assumptions used in the HA method are 
reviewed. Then, from geometric considerations and flux 
conservation (mass and magnetic), the IMF 3-vector is re
derived for this method. Use is made of spherical 
trigonometry instead of the plane approximation. The 
resulting simulated IMF is checked for self-consistency.

We then describe the 1-D magnetohydrodynamic 
solutions to the solar wind, and a method used to calibrate 
the HA code with the MHD solutions. We want the HA code 
results to match the more complete physical solutions 
offered by the MHD equations. We demonstrate the validity 
of the HA method using results recently developed by 
Olmsted and Akasofu (1985) to obtain R - t  relationships by 
integrating the velocity-vs - radial distance profiles 
obtained by solving the MHD equations. The HA code R - t  

relationship is modified by adjusting the kinematic 

equation parameters until it closely matches the 1-D MHD R- 
t  diagram.

In the next chapter, the spatial dependence of solar
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wind velocity near the source surface is investigated. The 
radial velocity distribution at the source surface 
determines the structure of the bulk velocity in 
interplanetary space, and by the frozen field condition, 
the configuration and evolution of the global IMF. We must 
do a good job here, because these results affect the 
accuracy of the entire model the most. Once all the 
improvements are made, we can use the HA model as a 
research tool.

2.2 Coordinate Systems
We rely heavily on transforms between the plethora of 

coordinate systems used by solar - terrestrial researchers. 
Excellent reviews of the coordinate systems and 
transformations which we use can be found in the paper by 
Russell (1971) and the book by Akasofu and Chapman (1972). 
This section attempts to combine the published descriptions 
of the necessary transforms, as well as clarify additional 
coordinate systems used, which have not yet appeared in 
publication.

a. Heliocentric Equatorial Coordinates
When studying space-physics phenomena, some coordinate 

systems "naturally" arise. In the present solar wind
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studies, we adopt the heliocentric solar equatorial, or 
more simply the heliocentric equatorial (HEQ) system. In 
the cartesian representation of this coordinate system, the 

z-axis (denoted by unit vector j) points along the 
rotational axis of the sun. The x-axis (unit vector i) is 
aligned with the intersection of the solar equatorial plane 
and the ecliptic (plane of the earth's orbit). The x-axis 

lies at an angle ‘t’jjgQ from the first point of Aries 
(location of the sun against the background stars at vernal 
equinox). This angle is measured in the direction of the 
earth's orbital motion, and

*HEQ = ?4° 22' + 84' T

where T is the centuries since 1900, or approximately,

♦ = 74.367 + 0.014 (year - 1900)rlEy

The HEQ frame is approximately an inertial frame, but 
actually a function of time, since the solar equator and 
ecliptic plane precess with respect to each other. The y- 
axis is formed by the right hand rule (j = k x x ) . Some 
authors fix the HEQ frame by defining ♦jjgQ at some time, 
say the year 1900. See, for example Burlaga (1984). With 
the advent of modern computers, it is not much of a chore
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to actually compute <f>_ for a given transformation. Innhy
this way, the HEQ frame is tied to the heliocentric 
ecliptic coordinate system (HEC) used by satellite 
investigators. Since the solar equatorial plane is 
inclined to the ecliptic, the earth makes an annual 
excursion of 7.25° above and below the HEQ x-y plane.

b. Heliocentric Ecliptic Coordinates
The HEC system is a sun-centered inertial frame with 

the z-axis pointing to the ecliptic pole (in the cartesian 
representation). The x-axis points to the first point of 
Aries and the y-axis is found by the right hand rule. The 

x-y plane is in the ecliptic plane. Refer to Figure 2.1.
One can readily transform between the HEQ and HEC 

frames by using a rotational matrix transformation of the 
form

Av = v'

where A is the matrix transformation and v and v' are 
vectors in the old and new systems, respectively. The 
elements of the matrix A are direction cosines of the new 
(primed) system expressed in the old (unprimed) system. 
Russell (1971) points out the inverse transformation is 
simply the inverse of the A matrix times the primed vector

z k
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Figure 2.1. Schematic representation of the relationship 
between the Heliocentric Solar Equatorial (HEQ) coordinate 
frame and the Heliocentric Ecliptic frame.
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a '1v ' = v

The transformation matrix necessary to go from HEC to HEQ 
is found as follows, (Fillius, private communication,
1984). Rotate about the z-axis in the direction i x j by 
angle a = (~75.5°), then rotate about i in theHEQ
direction j x k by angle |3 = 7.25°, so that

A = A 1A2
COSa
-sina cos|3 
sina sin0

sina
cosa cosg 
•cosa sinP

0
sin|3
cos0

and,

A 1A 2 VHEC VHEQ

For instance, if is the vector pointing from the sun to
the earth in the HEC frame, then v HEq gives the cartesian 
position of the earth in the HEQ frame. The vector v jjec can 
be found using the SUNPOS FORTRAN routine in Russell's 
paper. This routine returns the longitude of the sun from 
the first point of Aries, in the ecliptic plane, measured 
from the earth. The earth's HEC longitude is then 180° plus 
the sun's longitude. Of course the HEC latitude of the 
earth is always zero, since the earth is always in the
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ecliptic plane. The transformation from latitude, 
longitude, and radial distance to cartesian components is,

x = R cos(lat) cos(lon) i

y = R cos(lat) sin(lon) j

z = R sin(lat) k

and the inverse transformation is

lat = sin  ̂ (z/R)

Ion = tan  ̂ (y/x)

t, , 2  2 2 1/2R = (x + y + z ) ,

Note that R„_„ = RU!jn, since both systems are heliocentric.HCy HtiL

c. Carrington Coordinates
Another sun-centered coordinate system used in this 

thesis is the Carrington system. This system was invented 
by Carrington in 1859 to locate sunspot observations. The 
sun is assumed to have a solid-body sidereal rotation period 
of 25.38 days. The Carrington latitude and longitude are
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fixed on the rotating sun, just as geographic latitude and 
longitude are fixed on the rotating earth. Thus, the 
Carrington system is called a "heliographic" coordinate 

system [see the Observer's Handbook (R.A.S.C., 1984) or the 
Astronomical Almanac (1984)]. A reference longitude, the 
Carrington solar meridian, is defined as the heliographic 
longitude of the center of the disk on November 9, 1853. 
Solar observation reports are still tied to the Carrington 
system.

For an observer on the earth, P = position angle of the 
sun's axis of rotation measured eastward from the observed
northward point on the disk, Bq = heliographic latitude of
the center of the disk, and Lq = heliographic longitude of
the center of the disk measured from the Carrington solar
meridian in the direction of rotation.

The angles, Bq and Lq describe the heliographic sub
point of the earth on the solar disk (see Figure 2.2). Note 
that east and north are here referenced from an earthbound 
solar observer's frame. Westward on the solar disk is in 
the direction of rotation; just the opposite from the 
terrestrial convention. Also, Bq is the same as the HEQ 
latitude of the earth. Each Carrington rotation is numbered 
from the first, which began in 1859. A Carrington rotation 
begins at the time of central meridian passage of the 
reference Carrington solar meridian. Thus, it is the
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Figure 2.2. The Carrington coordinate system, showing: 
the position angle (P) of the solar rotational axis, the 
heliographic latitude (B ) and longitude (L ) of the center 
of the solar disk. Thisrigure is adapted ?rom The 
Observers Handbook (R.A.S.C., 1984, p. 45)
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synodic period of rotation used here. Although the sun's 
rotation period is assumed constant, the earth's orbital 
velocity varies, so that a Carrington rotation is only 
roughly 27 days duration.

Solar observations, as reported by the observatories, 
contain an observation time and location of a surface 
feature or event. Reported longitude is relative to Lq .
For example, a reported longitude of W31 means the location 
is 31° west (in the direction of solar rotation) of the 
meridian containing the sub-point of the earth. Latitudes 
are reported relative to the solar equator, i.e., N18 or 
S22. The solar observatories correct for the P-angle 
changes and orient the solar disk to Carrington's coordinate 

frame. Figure 2.2 shows the location of a hypothetical 
solar flare at about W20, S20. The equator, P angle, and 
center of the disk, at (B ,LQ ), are also indicated.

d. Carrington Fixed-Frame .
When studying processes dominated by the almost solid- 

body rotating solar magnetic field configuration, Carrington 
fixed-frame coordinates are used. The reference meridian, 
or zero longitude, corresponds to the Carrington solar 
meridian at some time, usually the start of a Carrington 

rotation number. This system is in an inertial frame, does 
not rotate with the sun, and is the same as the HEQ system
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except that longitude is shifted by some angle. Some of the 

simulation results shown in subsequent chapters are 
displayed in this snap-shot Carrington system. Latitude (X) 
and longitude (<}>) are measured in degrees north and west (in 

the direction of rotation), respectively.

e. Heliomagnetic Coordinates
For a dipole magnetic field on the sun we define a 

coordinate system with respect to the magnetic poles and 
magnetic equator. This system rigid-body rotates with the 
sun, as the Carrington coordinate system does. The equator 
lies at a polar angle of 90°, where the radial magnetic 
field component is zero. The magnetic equator is then the 
same as the magnetic neutral line. Latitude is measured in 
degrees angular distance from the equator, toward the poles. 

For an arbitrary potential magnetic field configuration on 
some source surface (at a few solar radii outward from the 
photosphere), the magnetic equator lies along the neutral 
line. On this source surface the magnetic field possesses 
only a radial component. In the dipole field case, magnetic 
latitude is the angular distance from the current sheet. 
Heliomagnetic longitude, in the dipole case, is measured 

westward along the magnetic equator on the sun from some 
prime meridian. For a complicated source field 
configuration, it might be more meaningful to use
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heliographic longitude of the neutral-line point closest to 
the point of interest [see Figure 2.3 (Hakamada, private 
communication, 1983)].

f. Geocentric Coordinates
In order to be consistent with the majority of space 
researchers, we display simulation results in the geocentric 
coordinate systems described by Russell (1971). This set of 
cartesian, earth-centered coordinate systems has a common x- 
axis directed from the earth to the sun.

The Geocentric Solar Equatorial (GSEQ) system is used 
to display data dominated by the interplanetary medium. The
z-axis is aligned with the solar rotational axis and the y-
axis is formed by the right-hand rule, opposite to the
direction of the earth's orbital motion. The x and y
components lie in the solar equatorial plane and rotate 
annually with respect to the HEQ frame.

Interplanetary and extra-magnetospheric satellite 
observations are often presented in the Geocentric Solar 
Ecliptic (GSE) system. In this system, the z-axis points to 
the ecliptic pole. The y-axis is found by the right-hand 
rule and opposes the direction of the earth's orbital 
motion. The x-y plane lies in the ecliptic plane.

Geocentric Solar Magnetospheric (GSM) coordinates are 
used when studying phenomena in the solar wind-magnetosphere
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Figure 2.3. The magnetic neutral line is shown on the
2.5 solar radii source surface, in the heliographic 
coordinate system for the case of a dipole solar field 
(Hakamada, private communication, 1983).
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interaction region. The y-axis is perpendicular to the 
earth's magnetic - dipole axis so that the x - z plane 
contains the dipole axis. The GSE and GSM coordinate frames 
also experience annual rotations with respect to the HEQ 

frame.
If the position of the earth is known in the HEQ or HEC 

frame, we can transform vectors between GSEQ, GSM and GSE 
using a set of rotational matrix transformations.

The Geocentric Equatorial Inertial (GEI) coordinate 
system is often used in astronomy and to locate earth- 
orbiting satellites. In the GEI system, the x-axis points 
from the earth to the first point of Aries. This axis is 
along the intersection of the earth's equator and the 
ecliptic plane. The z-axis is aligned with the earth's 
rotational axis, with the positive z-axis directed to the 
north. The y-axis forms the third component of the 
orthogonal set, as usual. We use the GEI system as an 
intermediate in transformations between the other geocentric 

coordinate systems. That is, we use transforms

GSEQ <-- GEI <----> GSE

GSEQ <-- GEI <--- > GSM

GSE --> GEI GSM
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Refer to Russell's paper for a complete discussion of the 
various geocentric coordinate transformations, as well as an 

excellent short FORTRAN routine to locate the sun in GEI 
coordinates. This routine can also be used to locate the 
earth in HEC coordinates for any time, as mentioned above.

2.3 Determining the source surface magnetic field 
conf i guration.

a. Dipole Case
We seek some method of simply representing the actual 

source surface magnetic field configuration. This is 
because it is now assumed that the solar wind velocity is 
some function of distance from the solar magnetic neutral 
line, as discussed in Chapter 1 and again in Chapter 3. 
Hakamada and Akasofu (1982) assumed the solar magnetic field 
can be represented by a centered dipole field inclined at 

some angle ( x)  to the solar rotational axis. Then the 
magnetic latitude (Xm ) at the heliographic equator is

Xm = x sin((f>-<J>o ) (2.3.1)

where <j> is the heliographic longitude, displaced by a
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reference longitude angle (<J>0 ). Thus <j>Q acts as a phase
shift to allow X * 0 at <|> = 0. Hakamada (privatem c

communication, 1983) later pointed out that X is determinedr m
more accurately, for a dipole by,

sin Xm = sin X cos X + cos X sin X sin(<j>-4> ) (2.3.2)

where X = heliographic latitude. See Figure 2.3. This 
formula allows the magnetic latitude to be determined for 
any point on the solar source surface. The HA method relied 
upon solar wind velocity being a function of magnetic 
latitude. The magnetic field on the source surface is then 
used in the IMF calculation by considering conservation of 
magnetic flux along a tube stretching out into space. The 
magnetic field magnitude, B, on the source surface is 

assumed to be

B
B = -E (1 + 3 sin2X )1/2 (2.3.3

2 m

where B^ is the polar field magnitude.
We might expect B = B = B sinX to be used in the 3 r p m

IMF calculations since only the radial component survives 
on the source surface. Near the current sheet, the IMF 
magnitude would be calculated to go to zero as sinXm goes
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to zero. This is never observed in interplanetary space. 
The cause of the discrepancy is not known. Hoeksema (1984) 
reached a similar conclusion when trying to compute the IMF 
at the earth based upon the Stanford potential magnetic 
field model. He found that the calculated field on the 
source surface at 2.5 solar radii was consistently about 
one-fifth that which was needed to reproduce the magnitudes 
observed at 1 AU, even after correcting for magnetogram 
saturation. Until the discrepancy is solved, we will 
continue to use Equation (2.3.3) when calculating the IMF 
by flux conservation. Possible sources of the discrepancy 
may lie in the fact that the field lines do not suddenly 
become radial at the source surface. Eclipse and 
coronagraph observations indicate the field lines continue 
to have a non-radial component out to perhaps 10 solar 
radii. Magnetic field pressure may cause the magnetic 
field configuration to evolve beyond a few solar radii.

The inclined dipole configuration causes two high 
speed streams per rotation to sweep past a point in space. 
The equatorial solar wind (close to the ecliptic plane and 
close to near-earth spacecraft observations) then has two 
sectors. Corotating high speed streams follow closely 
after sector boundary crossings. The top panel in Figure
2.4 shows an example of the magnetic field configuration on 
the source surface (at 2.5 solar radii) during Carrington
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DIPOLE CASE - 2.5 RS

Figure 2.4. Top: The source - surface magnetic field 
configuration is shown during Carrington rotation 1644, 
(Hoeksema, et al., 1982). Bottom: Dipole magnetic field 
approximation to the field configuration shown in the top 
panel.
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rotation 1644, from Hoeksema et al. (1983). We might 
represent this situation by a dipole inclined to the 
rotational axis by X ~ 20°. See the bottom panel in Figure 
2.4. Referring to the top panel in Figure 2.5, Carrington

9
rotation 1685 might be represented by a magnetic field 
configuration with the dipole axis inclined at a high angle 
to the rotational axis, as in the bottom panel in this 
figure. This type of pattern appeared again briefly during 
Carrington rotations 1692 - 1693, and 1719 - 1728.

b. Quadrupole case
Often, the source surface neutral line exhibits a 

double - period type wave structure. The top panel in Figure
2.6 shows the source field configuration for Carrington 
rotation 1665. Almost all the rotations during the years 
1976 - 1978 showed two northward and two southward 
excursions of the neutral line (Hoeksema et al., 1982). 
Mapped out into interplanetary space, this configuration 

represented a four sector structure in the IMF, with two 
inward and two outward directed regions. Four high speed 
streams per rotation dominated the velocity observations 
during this period. We represent this sort of source 
surface magnetic field configuration in the HA code by 
replacing <J> - <J>Q in Equation (2.3.2) by 2(<j> - <l>0 ). The 
bottom panel in Figure 2.6 shows the source surface
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4-WAVE CASE - 2.5 RS

Figure 2.6. Top: Source field configuration, as in 
Figure 2.4, but for Carrington rotation 1665. Bottom: 
Quadrupole field approximation, for the case where 
X = 4 5 .
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configuration for the 4-sector case and X = 45°. This 
double-sine pattern will be used to simulate the four- 
sector structure of the heliospheric current sheet during 
the rising and declining phases of the current solar cycle. 
We will discuss this further in Chapter 4.

c. Stanford Potential Field
Although the source surface field can sometimes be 

approximated by a dipole or quadrupole magnetic field 
configuration, this is only part of the story. During 1978 
to 1980, the neutral-line pattern became more complicated, 
eventually breaking up and even developing "islands".
These "islands" and the highly distorted waves in the 
source surface neutral line can be (and will be in the next 
chapter) mapped out into interplanetary space. The 
heliospheric current sheet outward extension of the island 
neutral line might be viewed as a funnel shaped surface 
spiralling outward in the solar wind.

But how can we represent this complicated source field 
configuration? It is conceivable that a Fourier sine or 
cosine series could be fitted to the Stanford data. This 
would allow us to represent the source field as a finite 
length sum of sines or cosines. We opted for a less 
painful and computationally faster method of approximating 
the source field configuration. We obtained the Stanford

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



k3

magnetogram derived data in the form of arrays of field 
strength values for each rotation. The source surface lies 
at 2.5 solar radii. These arrays were evenly spaced in 
longitude and sine of latitude. Thus, in the kinematic 
code, when the source field is needed, it can be calculated 
at any latitude and longitude (within the data domain).

The four points surrounding the desired latitude and 
longitude are used in a bilinear interpolation routine.
The bilinear equation is found from the two dimensional 
Taylor series expansion using central differencing, and is 
accurate to second order. That is,

B(X,<f>) = +   (B2 -B^) +
AX

(X-Xx ) (<(>-<P2 )

(X-X1 )(+-*1 ) (2.3.4)+
AXA<f>

where

AX = X2 -X1 , A<f> = ♦2 -*1 ,

B1=B(X1 ,*1 ), B2=B(X1#*2 ), B3=B(X2,4>2 ) and b 4=B(X2 , + 1 )

Refer to Figure 2.7.
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longitude

Figure 2.7. Grid showing the arrangement of points used 
in the bilinear interpolation scheme.
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Bilinear interpolation of the Stanford potential 
analysis data on the source surface provides a compromise 
in computational speed and accuracy. Since the Stanford 
analysis was done using relatively low resolution data to 
begin with, we elected for speed. The method just 
discussed is used extensively in the analysis of the next 

chapter.

2.4 Improvement to the HA method
a. Assumptions

We can use the frozen field condition, and as Parker 
modeled, assume the plasma particles (or MHD fluid parcels) 
flow radially outward. In this one fluid model, the 
magnetic field is frozen to the fluid. Parcels which at a 
given time lie on the same field lines, will at a later 
time also lie on same field lines. By magnetic flux 
conservation,

BL * da = J B2 • da = $2 (2.4.1)
A 1 A 2

where ^  is the magnetic flux perpendicular to a given area 
on the source surface, and $2 is the flux through the tube 
at some distant observation point.
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Hundhausen (1978) used flux conservation in an attempt 
to map the IMF back to its source at the sun. He pointed 
out that the behavior of the field lines between the source 
point and observation point is unimportant as long as the 
frozen field condition holds. In the same manner, if a 
source field distribution is assumed, conservation of flux 
can be used to map this assumed distribution out into 
interplanetary space.

On the source surface, the magnetic field lines are 
carried radially outward by the solar wind, and are normal 
to the source surface. The source area element is chosen 
to be sufficiently small that the magnetic field remains 
fairly constant throughout. The flux at the source surface 
is then just

*1 = B1A 1 (2.4.2;

The magnetic field magnitude at some point along a flux 
tube can be found by rearranging Equation (2.4.1), after 
substituting 2.4.2,

Bf A^
B- =   (2.4.3)

(B2 ‘ n2 ) A 2

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



k ?

b. Hakamada-Akasofu method
In the HA kinematic method, particles are emitted in 

uniform time steps from a source surface at the sun, 
assumed to surround the sun at 2.5 solar radii. The source 
surface contains a sun-centered dipole tilted at an 
arbitrary angle to the solar rotational axis. In this 
present case, as in Hakamada and Akasofu (1982), we use a 
dipole tilt angle of 20°. The velocity of the emitted 
particles is a function of the magnetic latitude of the 
source point of each particle, increasing poleward from a 
minimum value at the magnetic equator. This is in 
agreement with present interpretations of solar wind 
velocity observations. The velocity distribution function 
will be discussed in greater detail in Chapter 3.

As the sun rotates, source regions sweep by a point 
fixed in space and emit particles. The particles emitted 
along a line fixed in space have originated from source 
points with different magnetic latitudes and source 
velocities. No overtaking and passing of slow particles by 
fast particles is allowed, as that would violate the frozen 
field condition. Fast particles are allowed to accelerate 
the slower particles they catch up to. The slower 
particles decelerate the approaching faster particles, but 
to a lesser extent. The particle positions are adjusted to 
prevent the faster particles from passing the slower
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particles. Thus, shock formation is accounted for as 
discussed in the previous chapter (refer back to Figure 
1.2). By keeping track of each particle's position after 
adjustment, as well as the time, location and magnetic 
latitude of emission, the magnetic field can be mapped out 
into space. It is then a straightforward, although by no 
means simple, task to determine the magnetic field 
magnitude and direction at any point in the heliosphere.

c. Geometric considerations
If we keep track of all particles emitted from the

source surface at a given magnetic latitude, say Xm = 0°,
we obtain a surface which is distorted by the wobble of the
tilted magnetic dipole as the sun rotates. It so happens
that all the particles emitted from the magnetic equator
(X = 0) map out the heliospheric current sheet. This is m
because the magnetic field is blown outward by the solar 
wind. The field lines immediately above the equatorial 
particles are directed oppositely from the field lines 
immediately below. A current sheet is necessary to 
maintain this configuration. Interplanetary magnetic field 
lines lie above and below the current sheet, and can be 
mapped by connecting particles emitted at successive times 
from the same source longitude and magnetic latitude. More 
will be said about these surfaces in Chapter 4.
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The magnetic field direction at a point in space is 
found by the direction vector between the observation 
point, P^, and an adjacent point, P^, on the same field 
line, as in Figure 2.8. That is,

a r a
B = —  (2.4.4)

r 3

A minimum of three points are necessary to determine the 
area, A^ or A^, of a plane intersecting a flux tube. 
Considering the triangular cross-section flux tube on the 
source surface in Figure 2.8, we identify the three corner 
points and determine the area of the tube at the source 
surface using spherical trigonometry. Approximately, by 

the trapezoid rule,

The magnetic field magnitude for a given magnetic latitude 
at the source end of the flux tube is determined by one of 
the methods discussed in the last section. The flux is 

found from Equation (2.4.2).
Since the three particles on the flux-tube edges are
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Figure 2.8. Flux-tube geometry used to obtain the 
interplanetary magnetic field based upon particle positions 
and magnetic field strength on the source surface.
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emitted at the same time, we need three particles at the 
observation point (on the same flux tube) which left the 
source surface also at a given time. If each particle is 
flagged with its emission time and location, the magnetic 
flux at the source can then be found. The flux at the 
observation point (equal to the flux at the source surface) 
is found from the dot product of the magnetic field vector 
and the area normal vector enclosed by the three particles 
at the observation point. The area and normal vector are 
found by the cross product of direction vectors, as shown 
in Figure 2.8 to be,

A_ =
r5 x r4

(2.4.6

n = r 5 x r4 
r5r4

(2.4.7

Equation (2.4.3) is solved to yield the IMF magnitude at 
the observation point. This method is fairly general and 
requires only that we know the distribution of particle 

velocities and the magnetic field configuration at the 

source surface.
One additional correction should be mentioned here.
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The original HA kinematic code used plane geometry to
calculate distances on the source surface. That is, the
angular distance (d) between two points on the spherical

2 2source surface is nearly d = ( ( X2 - ) + (<f> ̂ ^ j ) )• Far
from the equator this equation must be replaced by the 
spherical trigonometry relationship,

cos(d) = sinX^ sinX£ + cosX^ COSX2 cos (4> 2 ) •

This correction becomes particularly important when 
determining the effects of solar flares on the source 
surface velocity. This will be discussed in greater detail 

in Chapter 5.

d. Consistency check
We test our calculations for self-consistency by using 

magnetic flux conservation, V ’ B = 0. In spherical 
coordinates, component-wise

1 (r+Ar)2B (r+Ar,0,<|>) - ( r - A r ) 2B r ( r - Ar , 0, <f>) 
r2 2Sr
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l a
rsin© &0

B.sin© = <p

1 B ( r,0+A0,<J> )sin(9+A0) - B ( r , 0 - A0 , $ ) sin ( 0 - A0 )y y
rsin© 2A0

and

rsin© &<t>
1 B . ( r ,<{> ,4> + A<P ) - B , ( r, 0, <j> - A$ )

rsin0 2A<j>
(2.4.8)

Here Ar, A0 and A<}> refer to the finite step size in the 
three coordinate directions. Use of the central difference 
formula

[f(x+h) - f(x-h)] 
f'(x) & -------------------

2h

h
+ — [f''(x+h) - f''(x-h)] + ... (2.4.9)

4

is made (Chow, 1979). We want the sum of Equation (2.4.8) 
to be very small, comparable to the magnitude of the second
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term in Equation (2.4.9). This technique is accurate to 
second order, subject to truncation and round-off errors 
(Potter, 1973). Truncation errors are caused by our limit 
in the number of terms used in the Taylor series expansion 
which Equation (2.4.9) represents. Round-off errors occur 
in the use of digital computers which can store only a 
finite number of digits in each variable during the 
calculations. The first type of error concerns us most.
In the kinematic method we don't use an iterative 
differencing scheme. Differencing is only done at the 
final step of the B-field calculation, so truncation errors 
are not cumulative. The second type of error is not a 
problem because the accuracy of the stored variables are 
much higher than needed in our results. That is, the 
calculations of B at each time step are independent of 
preceding and subsequent time steps. This is in sharp 
contrast to the MHD solution techniques, discussed in the 
next section. Having said all this, we must show that our 
component-wise calculations of V * B are comparable in 

magnitude to
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e. Results

Figure 2.9 shows the simulated solar wind velocity,
IMF magnitude and phi angle for one solar rotation using 
the HA code with the improved magnetic field calculation 
discussed above. This figure can be compared to Hakamada 
and Akasofu's (1982) Figure 1.7a-b. We are no longer 
restricted to an ecliptic plane two-dimensional 
representation of the IMF, but can calculate the IMF at any 

solar latitude, longitude and radial distance. Use is made 
of this calculation method in the following chapters.

2.5 MHD Calibration:
The kinematic method was developed by Hakamada and 

Akasofu (1982) to simulate the three-dimensional time 

dependent behavior of the solar wind bulk velocity (v) 
magnetic field vector (B) and density (n). This method is 
based upon the kinematic behavior of fluid elements, or 
macro-particles, emitted from an inner source surface at 
about 2.5 solar radii from the center of the sun. The 
equations governing the particle motions are characterized 
by various parameters. In this one-fluid model, flow is 
allowed to occur only in the radial direction. Particles 
are emitted at successive time-steps and a relationship 
between the radial distance, R, a particle travels, and its
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*

Figure 2.9. The simulated solar wind velocity, IMF 
magnitude and phi angle are shown for one solar rotation at 
a point fixed in space.* The improved kinematic method was 
used to obtain this figure.
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travel time, t is established. This relationship, called 
the R-t diagram, is valid at a specific simulation time, 
heliocentric latitude, and longitude. The frozen field 
condition and magnetic flux conservation allow the 
determination of the vector, B. Mass flux conservation is 
used to calculate density, n. By stepping in heliocentric 
latitude, and in longitude, three-dimensional pictures of 
the solar wind parameters B and n are built. The radial 
velocity is found by obtaining R-t relations at successive 
times, t, and taking v(R,t) = dR(t,T)/dt. The velocity is 
a function of both the age (travel time) of a particle and 
the observation time.

a. The MHD solution.
Limitations to the HA method include 1) only a 

constant azimuthal velocity is allowed, and no polar 
velocity outward from the source surface is permitted, 2) 
we assume the magnetic field has no polar component, and 3) 
other dependent variables such as temperature, pressure and 
total energy are not determined. A more complete and 
realistic treatment of a solar wind simulation would be to 
solve numerically the complete MHD equations appropriate to 
the solar wind in three dimensions. As yet, numerical MHD 
simulation research has not advanced to the point where 
this is possible on a modest computer. These MHD
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simulations require long run times on the largest 
computers. Thus, an advantage of the kinematic method lies 
in its simplicity and fast computation times.

Since the kinematic equations are parameterized, the 

kinematic results can be calibrated by adjusting 
coefficients in the equations. The results are compared 
with observational data, if available, or with numerical 
MHD solutions. Sun et al. (1985) have attempted to 
calibrate the HA code with 1-D MHD solutions obtained by a 
method developed by Steinolfson et al. (1975).

The assumptions in Steinolfson's 1-D numerical MHD 
simulation were: 1) the solar wind can be represented as 
consisting of a single fluid with negligible dissipation,
2) the flow is symmetric in azimuth and polar angle so that 
gradients in these directions can be neglected, 3) the 
polar components of the velocity and magnetic field vectors 
are negligible, and 4) the fluid has a constant ratio of 

specific heats, y = 5/3.
These assumptions limit the simulation to regions 

where the assumptions are reasonably valid, outside some 
inner boundary. The basic equations (of Steinolfson et 
al., 1975)in the ecliptic plane were written down, in 
spherical coordinates, without derivation. It is 
instructive to at least outline the derivation.

The situation in the background solar wind is that of
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a highly conductive, near collisionless, fully ionized 
plasma consisting of electrons and protons. Therefore, we 
neglect other species, such as ionized helium and other 
elements, which may be important in transient phenomena 
such as coronal mass ejections. The relevant equations 

become, in MKS:

mass conservation equation,

dp
—  + V ' (pv) = 0 (2.5.1)
dt

momentum equation,

dV
p —  = J x B - Vp + p g  (2.5.2)

dt

and energy equation

dE v ’v y Bx(vxB)
  + V • [V (p --- +   p) +  ]
dt 2 y -1 U^

GH v .
P — ^  r (2.5.3)
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where
p = mass density 
v = solar wind velocity 
J = current density 
p = scalar pressure

GM r5g = gravitational acceleration = — —̂
r

M = mass of the sun s
G = gravitational constant

2 n2 v p B
E = total energy density = (p —  + --- + --- )

2 r - 1  2 u q

u q = permeability of free space

We include the Maxwell equations

V • B = 0 (2.5.4)

V x B = uQJ (2.5.5)

where the displacement current is ignored. Then since the 
resistivity is near zero, the frozen field condition can be 

used:
bB
—  = V x (vxB) . (2.5.6)
at
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This set of equations, (2.5.1) - (2.5.6) is solved using 
the two-step Lax-Wendroff scheme (Lax and Wendroff, 1960 ; 
Richtmeyer and Morton, 1967). This scheme requires that 
the equations be cast in quasi - conservative form,

au 2>F 
—  + —  = s 
at ax

where the components of U, F and S are the terms in the 

final form of the 1-D MHD equations which we wish to solve.
By use of Equation (2.5.5), J is eliminated from the 

momentum equation, (2.5.2). The equations are then written 
in spherical coordinates. Polar components, and polar and 
azimuthal gradients are set to zero. The resulting 
equations follow.

mass conservation,

a l a ?
—  P + _  —  (r pv ) = 0 (2.5.7)
at r a r
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radial momentum,

dv dv Vr , r <p ,P --- + P (v   - )
dt dr r

pGM dp B, b
2 4>r dr u r dro

—  (pBJ (2.5

azimuthal momentum,

a v ,

at
+ p (v.

ar

B
u r dr  o

(rV ( 2 ,

a
p

energy equation,

a 7 a
—  (r E ) + —  
at ar

YP 1
r v r [ ------  + -  p ( v r + ) 1

Y-l 2

+ —  *v rB4, - v*Br V
uo

► = - pvrGMs (2.E

where now,

• •' ' 
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The radial frozen field condition is,

*Br - = 0 (2.5.11)
at

the azimuthal frozen field condition is,

— (rB ) + —  [r(v B -v.B )] = 0 (2.5.12)
at 9 ar

and divergence of B is,

1 a 2— 2 —  ( r B r ) = 0 (2.5.13
r a r

The radial momentum equation is cast in its final form by 
multiplying Equation (2.5.7) by v r and adding to (2.5.8). 
Similarly, (2.5.7) is multiplied by v<J> and added to (2.5.9) 
to give the final azimuthal momentum equation. Use is made
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of the identities

2 hvr h . 2 h 2pr   + v —  (r p) = —  (r pv )
at at at

2 avr h 2 1 2 2pr v --- + v — (r pv ) = — (r pv )
ar ar ar

2 ap a 2
r —  = —  (r p) - 2rp

ar a r

and

a l a 2 o
V  —  < v >  = 7 —  (r %  } 9 ar 9 2 ar 9

by the chain rule for differentiation. The final 
equations are then, radial momentum,

2 2 2 <J>—  (r pv ) + —  [r (pv + p + ---- )]
at ar 2u„

= 2rp + rpv - pGM{

(2.5.14)

(2.5.15)

(2.5.16)

(2.5.17)

momentum

(2.5.18)
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and azimuthal momentum

* , 2  ̂  ̂ t 2 I—  <r e V  + —  [r (pvrv<j>------ )]at v ar T u

B B
= r(-£— ^ - p v ^ )  (2.5.19)

Equations (2.5.7), (2.5.12), 2.5.18), (2.5.19), and 
(2.5.10) form the set of conservation-type equations for 
the flow variables p, B, , v , v, and E. The components of<p r <p 
the computational variables, U, are

U1 = Pr2

U2 = ^

U 3
2= p r ■

D 2= pr

U 5 II K>

r

The "fluxes", F, are,
2

rl - “r v r

f2 ' r(vrEV  ‘ W
. 2

f , = t2 (Pv 2 + p + — :
2“o
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Several comments should be made. First, in this 1-D 
solution, B is independent of time, by (2.5.11) and falls 
off as r by (2.5.13). Secondly, it would seem that the 
energy equation could be eliminated from the set derived.

By using the polytropic law for isentropic, adiabatic 
flow,(p/po ) = ( p / p q )y , and taking the dot product of v  with 
the momentum equation, the energy equation can be

.
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recovered. However, this is not done because the Lax- 
Wendroff scheme uses an artificial viscosity term to handle 
shock formation. This dissipation function requires that 
the energy equation be included in the set of conservation 
equations. Thirdly, by Dalton's law, pressure is p = 2pRT 
for an electron-proton gas.

The Lax-Wendroff second-order scheme for solving a 
system of equations is used to solve the conservation-type 

equation for the computational variables (U) with 
appropriate initial and boundary conditions. The Lax- 
Wendroff method is generally used only for the Eulerian 
formulation. Recall the Eulerian formulation has the 
independent space variables refer to a coordinate system 
fixed in space, through which the fluid moves. The 
dependent variables (v, p, B, p, and E) are then found at 
fixed points in space as a function of time. In contrast, 
in the Lagrangian formulation, the coordinate system is 
fixed in a frame moving with the fluid and undergoes the 

distortions and motions of the fluid. The actual positions 
of the fluid parcels are dependent variables to be solved 
for. The MHD Eulerian formation of the solar wind fluid 
motion will be transformed into the HA Langrangian 
formulation (used in the HA method) when we discuss the R-t 

relationship later in this section.
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We follow the discussion of Richtmeyer and Morton 
(1967), but also include the source term (S) in the 
Lax-Wendroff two step scheme.

The computational variables (U) are Taylor - series 

expanded in time, t,

un+1
3

au11 A t
= U + At(- ■) +

At
a V

where
n = time index and t = nAtn
j = spatial index and x^ = jAx

With the use of

AU AF
—  = - —  + S 
At Ax

and

2 2 A U A F AS
At atax at

the two step Lax-Wendroff procedure is obtained in the form 
used in this study. Then, the two-step scheme is used as 

follows.
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1. Steady-state solutions to the physical variables 
are obtained by removing the time dependence in the MHD 
equations, Equations (2.5.7), (2.5.12), (2.5.18), (2.5.19) 
and (2.5.10) .

2. The dependent physical variables are used to 
obtain computational variables (U, F, and S) at each space 
step in the computation grid.

3. Provisional U's are obtained from the equation

the centers of the rectangular meshes of the computational 

net in the x-t plane.

1 At 
 (F
2 Ax

The coefficient, A, will be discussed below.

The U components represent the values calculated at
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4. The physical variables are recovered from the

n+2 2U .. components and are used to compute F  ̂ .
j+2 3+2

5. The final U's are obtained at each time- and 
space-step from the equation,

1 1i 4. n+*~ n+̂ r
Un+ = U.n - T-^ (F ? - F ? ) + AtsD 3 Ax 1 . 1 . 1  7 D

3 2 D 2

1 1
n+‘2 n+2+ A (U  ̂ - 2U.n + U 1 )
3+2 j‘2

New inner and outer boundary conditions are calculated 

from:

inner,

= f(xlf (n+l)At)
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oute r,

UI?+1 = - (U1? + u1?*1 )
•'max 2 ■'max ■'max-1

6. The physical variables and new F's and S's are 
calculated from the final U's. Pressure is obtained from 
the energy density definition

1 2 2 (Br2 B<f>2)p = ( y - 1 )  [E - - P ( v  +  v  ) -------------------  ) ]
2 o

7. Time is advanced and steps (2) through (6) are 

repeated until the solution converges.

The coefficient (A) in the provisional and final U 
equations is referred to as an artificial viscosity term. 
The effect of this coefficient is to introduce a 
dissipation effect to dampen high frequency components in 

the solutions to the conservation equations. This allows 
stability at the interface of sharp discontinuities, such
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as shock fronts. The general procedure is to initially 
assign a value of 1/8 to A. Run the simulation. Decrease 
A. Rerun the simulation; continue to do so until the 
solution becomes unstable, i.e., pressure or density go 
negative. The smaller we can make A, the more structure we 
see in the profiles of the physical variables as functions 
of radial distance.

The coefficient A is the pseudo-viscous damping term 
to allow the Lax-Wendroff procedure to handle sharp 
discontinuities in the computation domain. Richtmeyer and 
Morton (1967) stated that if the IK11 converge to a function 
U(x,t) in the computation domain, then the solutions to the 
conservation equations satisfy the Rankine-Hugoniot jump 

conditions (p. 337-38).
The 1-D MHD solar wind code used at the University of 

Alaska was developed by Gislason and Hollerbach (private 
communication, 1984). Figure 2.10 represents the steady- 
state solar wind solutions using this Lax-Wendroff scheme. 
Inner boundary conditions used to obtain this figure are, 

at .1 AU
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Figure 2.10. The steady-state 1-D MHD solution to the 
solar wind parameters, p, v , v ., B and p as a function of 
radial distance from the sun (to 5.5 AU). The computer 
code of Gislason and Hollerbach (private communication, 
1984) was used to obtain the solutions.
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log p = 2.7 (p in kg in
v = 300 km s r
v<f> = 4 km s ^
B = 300 nT r
B<(> = 3 0 nT

5 oT = 3.0 x 10 K
A = .01
Ax = .1 AU 
At = 1200 seconds

The simulation was run for a simulation time of 100 days, 
but converges in about 2-3 days after t = 0. A second 
simulation is shown in Figure 2.11 where a velocity pulse 
is introduced at t = 0. The velocity at the inner boundary 

had the functional form

*"F . ^"*"Fv(.lAU) = v * ( L ) • exp [1 - (---- )] + v
T T °F F

where

< II 800 km s
V = 300 km so
t f = 12 hours
A = .01

-1
-1

All other boundary conditions were unchanged. The computer 
code handles the formation of the shock fairly well. The

.
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velocity pulse is introduced into the steady-state solar 
wind of Figure 2.10 at t = 0 days. Snapshots of and v 
(to 5.5 AU) are shown at t = 0, 6, 10 and 14 days.
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forward and reverse shock become separated before t = 6 
days, and both are attenuated as they propagate outward.

In the next section, we calibrate the HA code with the 
R-t relationship obtained from the 1-D MHD code.

b. Improving the kinematic R-t profile.
The basic concept of the kinematic method is that the 

solar wind parameters can be obtained from the evolution of 
each solar wind fluid parcel, or particle, position as a 
function of time. In this Lagrangian formulation, the 
fluid is characterized by each particle's radial distance 
from the sun as a function of the simulation time (t) and 
the particle's age ( t )  (Olmsted, private communication,

1985) . That is
r = R (t , t  ) .

The age of the particle which left the sun at time t is 
T=t-tQ , and is not independent of t. Unfortunately, the 
R-t relationship at time t cannot be compared directly to 
any quantity which can be measured in the solar wind. 
Because of this, Hakamada and Akasofu (1982) obtained the 
solar wind velocity at a given simulation time as a 
function of radial distance. By this Eulerian formulation

.
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dr &R(t,r) dt 2>R(t,x) ar 
v( r,t) = —   -----------+ ------------

dt at dt h r  at

or ,

aR aR(t,x)
v( r , t ) = —  (t,r) + -------

at at

If observations are available from several spacecraft along 
a radial line over some time interval, then v(r,t) can be 
measured. In addition, v(r,t) is also obtained from the 
MHD simulation discussed above.

The kinematic derived R-t curve can be adjusted by 
varying coefficients in the necessary kinematic equations, 
as discussed by Hakamada and Akasofu (1982). The resulting 
v(r,t) profile can then be compared to observation or 
theoretical results. This procedure was used by Sun et al. 

(1985) to calibrate the kinematic code with the 1-D MHD 
solution output of Steinolfson et al. (1975). These 
authors were able to find a fairly good agreement between 
the two simulation techniques

The R-t relationship in the kinematic code is an 
empirical and heuristic construction to adjust for stream- 
stream interaction in the solar wind. The exact form of 
the function which connects the R-t curve segments on each 
side of the interaction region was obtained by trial and
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error. A better agreement between the MHD and kinematic 

v(r,t) curves could be obtained if the kinematic R-t 

relationship matched the actual physical situation.

The v-R calibration scheme of Sun et al. (1985) 
required that the v-R relation obtained by the kinematic HA 
code be compared with V-R obtained by the 1-D MHD code. 
Recently, Olmsted and Akasofu 1985 developed a method of 
obtaining the R-t relationship in the 1-D MHD simulation by 
integrating in time over a range of MHD derived v-R curves. 
The Eulerian MHD solutions can be transformed into the 
Lagrangian formulation which is used as the basis of the 
kinematic method. This inversion procedure allows

v(r,t) = |f (t,t -t ) = |f (t,t ) 

to be integrated to yield

R(t,T) = Jj;_T v(t',r(t',to ) ) dt'

where t = t-T. This procedure requires that the surfaceo
v(t',r) be known (i.e., from MHD calculations) over a time 

interval t ^ t' ^ t and region 0 ^ r ^ rm ax' in
space. The best form of the kinematic R-t interface

function is obtained when the MHD and kinematic R-t
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surfaces match as closely as possible. Of course, for the 
procedure to be valid, both methods of obtaining R-t 
require the use of identical boundary conditions.

As discussed in Chapter 1, the original kinematic
procedure used to adjust particle positions in the R-T
plane at time t was an exponential smoothing followed by a
straight-line fit of the R-t curve segments on each side of
the interaction region. As discussed by Olmsted and
Akasofu (1985), discontinuities in the R-t curves show up
as shocks in the v-r diagram. The kinematic method should
allow the gradual evolution of velocity from the no-shock
to the shock situation as the solar wind stream propagates
and evolves outward from the sun. Hakamada (private
communication, 1984) suggested a better method of fitting
the R-t curve segments on either side of the interaction
region. The straight line segment with a minimum slope of
0 . 2 is replaced by the following procedure:
For R and R . shown in Figure 2.12, we determine the max m m  ^
quantities,

i = :R - R . max min
li = (bl Rmax + b2 ) i

X2 = b3 i

Rf ds = R - max i = leading edge of interaction
Rrvs = R - max - i2 = trailing edge
At = T£ j - Tf ds rvs

r-
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Figure 2.12. The improved method of adjusting the R-t 
curve obtained by the kinematic method is shown (Hakamada, 
private communication, 1984). Refer to the text for 
details.
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T 1 = a-^Ax

X 2 = (1 -a1 )Ax

fcl + t 2 = 4T

Tmid = X + x. rvs 1

*i = (l -b4 )i2

= b 4 1

*i + = 12

R . , = R + V. mid rvs J2

The coefficients a^, a2 , and b.̂  to determine the 
location of points (t rvs,R rvs), (Tmid,Rmid) and (Tfds,Rfds> 
at the interface. The coefficients can be adjusted in the 
calibration procedure to yield the interface particle 
distribution desired. Hakamada suggested an interface 

function of the form

cosh(T'/T2 ) - 1
= R ., + y- [------------------ ] for r . , < x — t .,mid 2 2 1 i midcosh(1) - 1

and

R = R -j  - Yi I mid Jfl 1

cosh(T'/T1 ) - 1 
cosh(l) - 1

1 for t — x — x . j 1 rvs mid
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where t ' = t - t . Refer to Figure 2.12.mid 3

The kinematic/MHD calibration of R-t was accomplished 
by an iterative procedure outlined as follows:

1) Run the HA code to generate v, B, and n at 0.5 AU, 
as a function of time.

2) Use the obtained variables as the inner boundary 
conditions for the 1-D MHD code. Run the MHD code 
to obtain a velocity versus radial distance, v-R, 
relationship at successive time steps.

3) Adjust the kinematic equation parameters to yield 
kinematic HA code v-R diagrams as similar as 

possible to the MHD code v-R diagrams.
4) Generate new dependent variables, v, B ,  n, at 0.5 

AU using the calibrated HA code, and feed these to 
the MHD code as new inner boundary conditions, 
repeating the process.

The 1-D MHD data set used by Sun et al. (1985) and 
Olmsted and Akasofu (1985) was used to transform the v-R 
surface the R-t to the surface as discussed above. 
Coefficients were adjusted until a best fit with the MHD R- 
t surface was obtained. A new kinematic-method R-t surface 
was generated using the final coefficients, as shown in 

Figure 2.13.
It should be pointed out that the solar wind 

temperature used in the MHD method affects the v(r,t)
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Figure 2.13. The R-t surface obtained using the kinematic 
method, after calibrating with the 1-D MHD solution of 
Olmsted and Akasofu, (1985).
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prof ile . For example, in Figure 2.14 compare the velocity 
profiles obtained from the Steinolfson et al. (1975) data 
set for temperatures T = 2.61x10“* °K and T = 5.22x10^ °K. 
All other boundary conditions are unchanged in the two 
cases. This implies that different solar wind conditions 
on the inner boundary may alter the coefficient values in 
the R-t interface function. At this point, the variation 
in the velocity as a function of actual source surface 
conditions is probably the limiting factor in accurately 
simulating solar wind parameters at 1 AU. This will be 
discussed in the next chapter.

Now that R-t relationships are determined using the 
MHD simulation, it is a straight-forward procedure 
(described in Hakamada and Akasofu, 1982) to generate the 
resulting IMF pattern in the equatorial plane (Olmsted and 
Fry, private communication, 1985). Since the inner 
boundary conditions are periodic, the MHD R-t solution is 
periodic in time. We plot the R-t arrays in polar 
coordinates and substitute the time-step by using a 
longitude increment (A longitude = w At; w = solar rotation 
rate). Figure 2.15 shows, on the left, the IMF pattern 
obtained using the MHD results, and on the right, the 
calibrated HA code IMF pattern. This sort of procedure has 
never before been done using MHD results, because MHD 
modelers did not know what to do with R-t , and never
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Figure 2.15. Equatorial plane IMF pattern obtained using 
the R- t relationships from Top: 1-D MHD solution, and 
Bottom: HA kinematic method.
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bothered to integrate v(r,t) to obtain it (ie., R-t is not 

an observable using spacecraft detectors!).

87
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CHAPTER 3

We begin this chapter by determining the solar source 
surface conditions during the period 1976 to 1982. The 
solar wind bulk flow outward from the source surface is 
investigated, as a function of source surface magnetic 
field configuration. A method of removing transient 
effects from the observed solar wind velocity is presented. 
Then, the background solar wind velocity and interplanetary 
magnetic field at 1 AU are simulated for selected 
intervals. The calculated solar wind parameters, using the 
HA code, are compared to spacecraft observations. We use 
the data set from King (1979, 1983) for the period 1976
1982 in the comparison.

The source of the solar wind lies deep in the corona.
Schematically, we can divide the corona into three regions

(Schatten et al., 1969). Nearest the sun, in Region 1, the

magnetic field energy density dominates over the thermal
and kinetic energy densities. In Region 2, the coronal
plasma makes a gradual transition from rigid body rotation
(plasma confined to the field lines) to radially outward
flow (field lines frozen to the plasma). In Region 3, the
flow energy dominates. The field lines are carried outward
by the outflowing plasma, making the garden-hose type

88

3.1 Introduction
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spiral pattern in the equatorial plane. The solar wind 
bulk speed and magnetic field are intimately related by the 
frozen field condition. This relationship justifies close 
scrutiny of the solar wind speed in our study of the IMF.

3.2 Latitudinal dependence of solar wind speed,

a. Review
Researchers have tried to determine causes of the 

temporal and spatial variation in solar wind speed and 
interplanetary magnetic field (IMF). Over the last two 

solar cycles, various studies have utilized in-situ 
satellite observations and interplanetary radio 
scintillation measurements to correlate various parameters 
of the sun with solar wind/IMF parameters. Empirical 
studies of solar wind velocity (v) can be grouped as 

follows:
1) Variation of v with heliographic longitude across 

a sector using satellite data near the ecliptic plane 
(Wilcox and Ness, 1965; Wolfe, 1972).

2) Variation of v with heliospheric latitude and 

longitude (Hewish and Symonds, 1969; Coles et al., 1980; 
Rhodes and Smith, 1981; Sime and Rickett, 1978; Sime, 

1983; Ricket and Coles,1983),

fi: '
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3) Variation of v with angular distance from the 

neutral line at the source surface (Hakamada and Akasofu, 

1981; Zhao and Hundhausen, 1981, 1983; Hakamada, 1985; 
Newkirk and Fisk, 1985),

4) Dependence of v upon the source surface magnetic 

field strength (Munro and Jackson, 1977; Hoeksema, 1984; 
Suess et a l ., 1984 ) ,

5) Dependence of solar wind velocity on coronal 

structure (Krieger et a l ., 1973, 1974; see reviews by 

Roelof, 1974; Zirker, 1977).
Hundhausen (1977) presented a model of the global 

solar magnetic field and relationship to solar wind 
velocity. In this model, when the open magnetic field 
regions on the sun sweep past the longitude of the earth, 
the solar wind speed reaches maximum. The earth's 
heliographic latitude is always near the solar equator, and 
a certain transit time from the sun to the earth is 
assumed, or calculated from average solar wind velocity.
The IMF polarity generally maps back to a region on the sun 

with the same polarity. This implies that the open field 

regions are responsible for the high speed streams in the 

solar wind. Observations of coronal holes (regions of open 

field lines, high velocities and low densities) confirm the 

open regions as sources of the high speed streams.

Several researchers have derived empirical
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relationships for the velocity of the solar wind as a
function of angular distance from the neutral line, or
current sheet. This angular distance is called the
magnetic latitude, denoted by X . Hundhausen's model was
used by Zhao and Hundhausen (1981) and Hakamada and Akasofu
(1981) to empirically relate the solar wind speed to
magnetic field configuration on the source surface.
Hakamada and Maezawa (1984) compared the latitudinal
dependence of solar wind speed that they derived with the
results of others. The usual method to get a velocity-vs-
magnetic latitude relationship is to compare observed solar
wind speed to a magnetic field model, say, a dipole
inclined to the rotational axis at some angle. The source
surface is usually assumed to have a constant radius
between 1.5 and 3 solar radii. The function for the
velocity-vs-magnetic latitude relationship varies from a 

2sin X function obtained by Zhao and Hundhausen (1981, m
1983) and Hakamada and Munakata (1984), to cosh  ̂ (Hakamada

2and Akasofu, 1981) and tanh functions (Hakamada and 
Maezawa, 1984). Hakamada and Munakata (1984) point out 
that the latitudinal dependence may change its functional 
form over the 1 1 -year solar cycle, since the various 
authors studied different periods in their empirical 
analyses. See also Coles et al. (1980).

Newkirk and Fisk (1985) recently reported that during
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this solar cycle, the latitudinal gradient in solar wind
speed increased with a decrease in solar activity, and is
steepest at solar minimum. The results of this chapter
will tend to confirm their investigation. At any rate, all
the recent results show that velocity increases towards
higher magnetic latitudes and near the equator looks like a 

2sin Xm relationship. Figure 3.1 is a composite plot of the 
functional relationships for the variation of velocity with 
magnetic latitude obtained by several of the authors cited 
he re.

The more recent studies compare the solar wind speed

with source surface field configuration. Suess et al.
(1984) used the Stanford potential field calculations of
Hoeksema et al. (1983), based upon the method of Altschuler
and Newkirk (1969) and Schatten et al. (1969). In the
potential field model, it is assumed that the solar
magnetic field is in a current free configuration so that
VxB = 0. Then along with the requirement that V'B = 0, B
can be represented by a scalar potential, §, where B = -V$.
This allows use of spherical harmonic expansion to solve

2Laplace's equation, V $ = 0. It is assumed that $ is known 
at the inner boundary, from magnetograph observations, for 
example. The magnetograph measures the line - of - sight 
component of the photospheric magnetic field. With 
appropriate assumptions, $(©,<(>) can be determined on this
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S0URCE VEL0CITY (Y) VS LATITUDE (X)

Figure 3.1. Composite plot of solar wind velocity as a 
function of magnetic latitude obtained by several 
researchers. See text for details.
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inner boundary, where here 9 and <f> are the usual spherical 
coordinates. The magnetic potential is constant at some 
source surface, so that B = 0 on this surface. Then, by 
requiring the normal component of B to be continuous on 

this surface, the coronal B field is matched with the 
Parker spiral field outside the surface. Hakamada (1985) 
and Hakamada and Munakata (1984) performed a similar 
analysis based upon Mt. Wilson magnetograph data.

Theoretical studies of the source surface magnetic 

field configuration and source surface radial velocity 

distribution have also been conducted. Schatten et al. 

(1969) and Atschuler and Newkirk (1969) first applied the 

magnetic potential model to obtain the magnetic field at 

the source surface. Pneumann and Kopp (1971) solved the 

steady state MHD equations in the coronal region to get the 

coronal magnetic field. Newkirk and Altschuler (1970) 
compared the potential model with the coronal density 

structure. Levine et a l . (1977) found good agreement 

between regions of open field lines (based upon a potential 

model) and coronal holes. As mentioned above, coronal 

holes have been identified as sources of high speed 

streams.
The results of the potential field analyses did a good 

job of accounting for the gross features of the corona, 

such as helmet streamers, closed field loops, filaments and

I
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coronal holes. However, by requiring the solar field to be 
radial at the source surface, the potential analysis did 
not account for the obvious non-radial fields observed at 
larger distances. Attempts were made to add current 
systems to modify the potential fields to match 
observations. These either met with limited success 
(Schatten, 1971), or were too time-consuming 
computationally, to be of much use (Hundhausen, 1978).

Pneumann and Kopp (1971) solved the MHD equations for 
a dipole field with constant coronal base temperature and 
density. They arrived at a magnetic field configuration in 
their dipole field example which was in better agreement 
with observations than the spherical source surface 
potential models. Schultz et al. (1978) were able to use a 
potential model to obtain good agreement with the MHD 
solution of Pneumann and Kopp (1971) by using a non- 

spherical source surface.
Pneumann (1976, 1980) continued the earlier work of 

Pneumann and Kopp (1971) and solved for the velocity, 

temperature and density at a source surface of r=5 solar 

radii. A dipole-like magnetic field geometry was used to 

perform a numerical simulation of the solar corona. The 

results indicated that the more the coronal field geometry 

diverges outward, the lower the solar wind speed. 

Steinolfson et a l . (1982) modeled these same parameters by
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solving the relevant time - dependent MHD equations to study 
the steady coronal state. Refer to Zirker (1977), and 
Solar Wind Five (1983) for further references on the 
theoretical modeling of the coronal and inner heliospheric 
solar wind.

For the dipole-like field, as near solar minimum, the 
amount of the divergence decreases poleward, and we might 
expect velocity to increase away from the neutral line. 
This, in fact, is supported by observations. From all 
this, we might conclude that the solar wind speed above the 
source surface may depend most upon the divergence of the 
magnetic field in the lower corona.

b. A simple model
We must conclude that solar wind speed, when mapped 

back to the source surface, from interplanetary space, 
increases away from the magnetic neutral line. The 
velocity increase may not be symmetrical on each side of 
the neutral line since the actual magnetic configuration is 
not symmetrical on the source surface. Further out in 
space, stream-stream interaction occurs. That is, as the 
sun rotates and emits streams, faster streams (originating 
away from the neutral line) accelerate slower streams (from 
near the neutral line). The result is that the solar wind 
velocity enhancement observed at the earth after a current
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sheet crossing is skewed toward the neutral line. Solar 
wind speed, density and IMF magnitude peak shortly after 
field reversal due to the piling up of solar wind particles 
and compression of field lines.

In order to get a qualitative feel for how the solar 
wind velocity might vary on a dipole-like source surface, 
we assume the coronal magnetic field configuration 
satisfies the potential analysis requirements. The 
magnetic field on the inner boundary (the photosphere), at 
r=a, has the form, in this example, of a dipole field,

B = B COS0 r pa

Be = H P  sine

B, = 0

where © is the colatitude and B^a is the magnitude of the
photospheric field at the pole, i.e., B = B(r=a,9=0). Thepa
field can be represented by a scaler potential - V $  = B.
Along with V ’ B ,  this potential satisfies Laplace's equation,

2
V $ = 0. We seek a solution by expanding in the Legendre

I .
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polynomial series

$ = I [A r1 + B r'1'1 ] P (cos©)
i=0 1 1 1

The polar component of the magnetic field (B^) must go to 
zero at the source surface, r=b. We want the magnetic field 
to be purely radial on the source surface. Only the i=l 

term survives, and

B
$(r,0 ) = -Ea_ - r 1

[73 + ~ 2 ] b r

The magnetic field components on the source surface are,

B (r,0) = - —  = r '  ' .b r
Bjoa_

b
COS0

b ‘

2 1

a

-i b 1 1
Bo (r,0) = ------ = ---- ^ ? - — o] sin0

0 r a© , 2 ^ 1 . r bJ
= 3 h33 D

The magnetic field pattern for this dipole case is shown in 
Figure 3.2. The inner circle lies at r= a ( = 1 solar

iI
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Figure 3.2. Idealized coronal magnetic field pattern for 
the dipole potential model. Inner circle is at r = a = 1 
solar radii, and outer boundary circle lies at radius 
r = b = 1 . 5 to 5 . 5 solar radii, in 1 . 0 radii increments. 
Last frame is for b = ».
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radii). The outer circle lies at r = b ( = 1.5 to 5.5 solar 
radii, in 1 solar radii steps). The last frame shows the 
dipole field pattern (b = <»), for comparison. Note that the 
open field lines lie within 50° of the poles for b = 2.5 
solar radii. We expect the solar wind to originate from 
these high latitude open regions. This figure might 
represent an idealized solar minimum case where the sun is 
dominated by two polar coronal holes.

On the source surface, for this dipole case,
B (r=b) = B (r=b) cose, where r' ' p'

3B
_EiL

V ' - b > - - 2b3

^ + 1

we can represent the magnetic latitude, Am = 90° - 0 , by

B
sinX = —  .

m B
P

Then for the dipole case, the magnetic latitude defined here 
is the same as the angular distance from the neutral line 
(dotted lines in Figure 3.2). Pneumann (1976) showed that 

in the MHD dipole solution, the magnetic flux tube area
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divergence from the inner to the outer corona dominates the 
behavior of the source surface velocity. The solar wind 
velocity should be highest where the magnetic flux tube 
divergence from the inner to outer corona spreads the least. 
This theoretical result agrees with spacecraft observations 
which show that the coronal holes (open field line regions) 
are sources of high speed streams. By magnetic flux 
conservation, the area divergence is

Aa (9') Bb (0)
Ab (0) Ba (0')

The area divergence is the ratio of the area of a flux tube 
cross-section at the inner boundary, A (at colatitude 6 ')a

to the area of the same tube at source surface, A^ (at
colatitude 9). By mapping the flux tube from one boundary
to the other, and calculating the magnetic field at each
end, we obtain the area divergence. In Figure 3.3, the flux
tube divergence from the surface at r = 1 solar radii to the
r = 2.5 solar radii surface is shown vs sinX .m

The observed solar wind speed near the neutral line
2(X =0) often appears to vary as sin X . The form of sinXm ' m m m

(as defined here) is the ratio of the source surface field 
at a given latitude to the field at the pole. It makes
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s in  a£)

Figure 3.3. Flux tube area divergence, from the surface 
r = 1 solar radii to the surface r = 2.5 solar radii, as a 
function of sinXm , for the dipole potential model.
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sense intuitively to compare solar wind velocity to some
function of X , even when the source surface field m
configuration contains multipole terms. The polar (open) 
fields contain the highest flow speeds.

c. Procedure
We want to obtain the best-fit functional form of the 

relationship of quiet-time solar wind speed to source 
surface magnetic field configuration. This is done by 
comparing the solar wind velocity to B^/B^ at the source 
surface. The procedure is described here.

The Stanford analysis of the potential magnetic field is 
used to obtain the neutral line on the source surface, at 
2.5 solar radii, and the magnetic field strength at 

locations on the source surface. The solar wind data set 
from King (1979, 1983) is used to compute daily-average 
interplanetary solar wind bulk velocity and magnetic field 

vector. Data available for this study cover the period 
1976-1982. The bulk velocities measured by spacecraft are 
averaged over each 24-hour interval during a Carrington 
rotation. This average velocity (v , ) is used to computeav
the transit time of the solar wind stream from the sun to 
the earth. The heliospheric latitude (X) of stream origin 
on the source surface, and latitude of the observation point 

are assumed to be the same. That is, there is no meridional
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flow. The longitude (<f>) of stream origin on the source 
surface is

$ = L + wAt o

whe re
Lq = Carrington longitude of the earth at the 

middle of each 24-hour observation 

interval
« = average rotation rate of source surface 

( = 360°/25.38 days)

At  = A r/ v7 av
Ar = distance from source surface to the 

earth, about 212.5 solar radii.

This procedure locates the stream origin on the source 
surface where we determine the magnetic field, B(X,<J>). We 
assume the stream-stream interaction effect on the bulk 

velocity is small so that vqv represents the average speed 
of the streams from the source surface to 1 AU.

The polar field strengths for each rotation are
determined from the maximum and minimum values within 180°
of (X ,4>) . The average velocity is then plotted against

B /B . r P
To remove transient events, such as flare - generated
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blast or shock waves, we proceed as follows. We assume the
source magnetic field configuration and the corotating
stream structure does not change much over 2-3 rotations. 
Three rotations of vav are superposed. The lower envelope 
of the overlaid v qv plots is used as the steady state 
velocity structure observed at the earth. This gives us the 
background velocity for the three rotations, which we call 
v^. For example, see Figure 3.4 where rotations 1682 - 1684
have been superposed. New plots of velocity and source
surface B^/b^ are then made.

Some shortcomings of this approach should be mentioned. 
Here we have assumed that the sun is changing very slowly. 
This is not actually so during a sizable number of the 
Carrington rotations studied. The polar field on the source 
surface is only an estimate, since the Stanford data does 
not extend within 15° of the heliographic poles. We are 
trusting the Stanford analysis completely. The assumptions 
and shortcomings of that analysis have been discussed by 

Hoeksema (1984). Also, recognize that the solar wind is 
accelerating outward from the source surface to some 
distance. This causes v to increase from about 30-50 km s * 
at 2.5 solar radii to 300-700 km s " 1 at 20-40 solar radii 

and introduces a small, but indeterminable lag time in 
propagation of the stream from the sun to the earth. In 
addition, the faster streams are decelerated, and the slower
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T (d a ys )

Figure 3.4. superimposed plots,of daily average solar 
wind speed (divided by 1000 km s ) for rotations 1682 - 
1684. Each rotation is about 27 days long. Data from King
(1983) .
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streams are accelerated by the stream-stream interaction.

The average velocity (distance/transit time) should be
increased for higher speed flows and decreased for slower
speeds. We might imagine the actual average velocity (v' )
to be related to the observed velocity (v ) bya v

v ' = vav av

where a = f(v -v ), and v is some intermediate flow speed.av o o c

The kinematic method accomplishes this sort of procedure, 
and will be used in Section 3.3 as we actually attempt to 
simulate observed parameters based this section's analysis 

procedure.
To complicate matters even further, the functional form 

of the velocity dependence upon source surface parameters 
might change throughout the solar cycle. (Coles et al.,
1980; Hakamada and Munakata, 1984; Newkirk and Fisk, 1985). 
Coronal temperature and energy input from below are probably 
the most important factors affecting the source wind speed.
A more accurate solution requires knowledge of the 

morphology of the flow.
The quiet-time variation of solar wind speed is roughly 

represented by the lower limit of the scatter diagram points 
as a function of The earlier works cited above used
regression analysis techniques on the scatter diagrams to
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find the best fit of velocity dependence upon source surface 
conditions. However, that method is not representative of 
the quiet wind dependence, since it is not possible to 
completely remove transient effects. Also, dynamic 
processes occur in the solar wind. These effects act to 
elevate the velocity curves derived from regression 
analysis.

We suspect that the functional form of velocity-vs- 
source field changes throughout the solar cycle. For this 
reason, we try to fit by hand the lower envelope of the 
scatter diagram to the equation

v = v + v,(1-cos X ) (3.2.1sw o 1 ' nr '

where X = sin"^(B /B ) and v , v. and n are constants m ' r p' o' 1

adjusted for best fit. This provides a first approximation
of the parameters to use in the HA code. The function for
v is inserted in the HA code and simulations are run. sw
Equation (3.2.1) is used because it provides a good match to 
the cosh '*' function obtained by Hakamada and Akasofu (1981). 

Figure 3.5 shows the functional form of Equation (3.2.1) for 
v q = 300 km s ■*■, v^ = 475 km s  ̂ and n = 1,2,4,8,16. The 
cosh '*' function is shown as the flat-top curve in the 
diagram near n = 16. More advantages of using our new
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V = 4 7 5 * (1-COS(LAT)**N) + 300

MAGNETIC LATITUDE (DEGREES)

Figure 3.5. Eguation (3.2.1) plotted for v = 300 km s 
, v. = 475 km s , and n = 1, 2, 4, 8 , 16. Also plotted 

is the cosh function from Hakamada and Akasofu (1981), 
shown as the flat topped curve near n=16.
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function for v will be discussed in the next chapter.sw *

d. Results
We continue the work of Zhao and Hundhausen (1981,

1983), Hakamada and Akasofu,(1981), Hakamada and Munakata
(1984), and Suess et al. (1984). We seek to improve upon 
their results by using our new procedure. Equation (3.2.1) 
is fitted to the lower envelope of the scatter diagrams.
The solar wind velocity observations for several Carrington 
rotations from the interval 1645 - 1721 (during the period 
1976-1982) are used to map solar wind streams back to their 
source at 2.5 solar radii, by the procedure described in the 
last section. A sample scatter diagram of v 3 versus 
using data for rotations 1682-1684, is shown in Figure 3.6a. 
Again, v^ is the average bulk velocity with non-recurring 
transients removed. Using regression analysis with Equation
(3.2.1), best fit is obtained for v = 342 km s , 
vj = 130 km/s '*- and n = 2. The best fit curve is also shown 
in this figure. A correlation of R = . 66 was found for 
n = 2, but remained above R = .5 for all values of n from
n = 1 to n = 32. Unfortunately, this 'best fit' equation
cannot be used in the HA code, because the minimum solar 
wind velocity (near the neutral line) is often at, or below, 
300 km s '*'. Recurring peak velocities often reach
700 km s ■*■. This points out the difficulty in attempting
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Figure 3.6. Left: Best fit regression analysis curve
superimposed on scatter diagram of v, versus sinXm , where
sinX = B /B , for Carrington rotation 1683.
Righ?: Hand-?it curve is superimposed on the same data,
where here v = 270 km s " , v. = 400 km s' and n = 3. o 1
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correlations of quiet-time quantities when transient 

phenomena cannot be totally removed. The scatter is too 

great. Also, the scatter of points is asymmetric about 

B r/Bp = 0/ detracting even further from the validity of this 

correlation.

Fortunately, as mentioned above, the lower envelope of 
the scatter diagram points provides a better indication of 
the velocity function to use in the quiet-time simulation. 

Therefore, we hand-fit Equation (3.2.1) to the lower 
envelope of the data in Figure 3.6a. Figure 3.6b shows our 
empirical curve, for v q = 270 km sec ^ , v^ = 400 km s , and 
n = 3. These parameters are used initially in the kinematic 
simulation, then adjustments are made to provide a best fit
of the simulation results to the King data. In this way we
present an empirical method to determine the source velocity 

distribution as a function of magnetic field configuration.
We expect the parameters in Equation (3.2.1) to change

during the solar cycle. For example, Figure 3.7 shows the

scatter diagram of v^ for Carrington rotations 1644 - 1646, 
near solar minimum. Note that the velocity profile is very 

asymmetric with respect to the neutral line. The curve for 

parameters, v q = 270 km s ^ ,  v^ = 400 km s ■*", and n = 32, is 

also drawn on the diagram. Comparing Figure 3.6b to Figure 
3.7, one can clearly see that the solar wind velocity 

increases much more rapidly away from the neutral line near
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Figure 3.7. Scatter diagram of v 3 for Carrington
rotations 1647, near solar minimum. Here the handj-fit
curve is drawn for v = 270 km s , v. = 400 km s and - „ o -L
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solar minimum that near solar maximum.
In Figure 3.8a, the maximum and minimum daily average

solar wind speed for each Carrington rotation are plotted,

for the period 1976 - 1982. After removing transients, the
maximum and minimum v^ for each rotation are plotted in
Figure 3.8b. It is interesting to note that the quiet-time
minimum velocity does not change much from rotation to
rotation, but the maximum changes significantly. Also, the

maximum velocity in each rotation is highest at solar
minimum and lowest during solar maximum. The magnetic

neutral line at the source surface has a low tilt-angle at
solar minimum, but stretches from pole to pole during solar
maximum. This implies the gradient in velocity as a

function of B /B is greatest at solar minimum and smallest r p J
at solar maximum.

The results discussed here will now be be used to 
simulate observed solar wind conditions using the kinematic 
method. After the final fit has been made to the spacecraft 
observations, for the intervals studied, we claim our 
adjusted parameters v , v1 and n, along with Equation
(3.2.1), provide the best empirical derivation of the 
velocity dependence to date. Unlike earlier studies, we 
attempt to incorporate the morphology of the solar wind flow 

into the analysis.
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Figure 3.8. Top: Maximum and minimum daily average solar 
wind speed during each rotation, for the interval covering 
Carrington rotations 1644 - 1733 ( years 1976 to 1982). 
Bottom: Maximum and minimum v, during each rotation for the 
same interval as the top panel. Data from King (1979,
1983) .
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3.3 The kinematic simulation: Low latitudes

a. Basic IMF pattern, equatorial plane.
Before we simulate the spacecraft observations at 1 AU 

near the earth, it is instructive to look at the basic solar 
wind behavior at low latitudes, by studying the idealized 
flow using the kinematic method. This is an extension of 
the work of Hakamada and Akasofu (1982). The results of 
this section have been published in Akasofu et al. (1983).

The distribution of solar wind speed on the source 
surface, here for the dipole case where the inclination 
angle, X = 20°, is shown in Figure 3.9. Thus the magnetic 
axis is expressed as a sine curve in the figure. The source 
solar wind speed is minimum (300 km s ^ ) at the neutral line 
and increases to higher latitudes. As the sun rotates once 
each 25.4 days, a point fixed in space near the ecliptic 
plane scans this speed distribution from right to left, 
encountering two maxima. One maximum arises from the 
northern heliographic hemisphere and the other from the 
southern hemisphere). Between each maximum, a minimum 
velocity occurs, arising from points where the magnetic 
neutral line crosses the equator. Thus, the sun appears to 
send out two pairs of fast and slow speed streams per 
rotation, along a radial line fixed in space, as illustrated
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Figure 3.9. Distribution of solar wind speed on the 
source surface in the case of an inclined dipole, with 
inclination angle, X = 20 .
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The solar wind speed varies nearly sinusoidally (plus 
the constant minimum speed of 300 km s  ̂) near the source 
surface. However, the streams interact with each other and 
form a series of shock waves. Each shock structure sharpens 
as it propagates outward and develops into a forward and 
reverse shock pair (Dryer and Steinolfson, 1976). If one 
could observe the velocity profile along a fixed radial line 
on a continuous basis, each wave structure would be seen to 
evolve continuously into the next structure as it propagates 
outward (Smith et al., 1985; Gislason and Hollerbach, 1984, 
private communication). This situation was discussed in the 

MHD calibration section (2.5).
The magnetic field is considerably compressed in the 

vicinity of shocks. When the IMF pattern is observed near 
the ecliptic plane on a global scale in the heliosphere, 
there are two spiral arm structures which emanate from the 
sun. Figure 3.11 illustrates the resulting IMF pattern.
The heliosphere is divided into two regions bounded by the 
two spiral arm structures. Both the IMF Bx and B^ 
components change polarity at the interface of the two 
regions, since the northern wind carries out the northern 
(dipolar) magnetic field, while the southern wind carries 
out the southern (dipolar) field. The whole spiral 
structure rotates once in 25.4 days in a fixed frame, and

in Figure 3.10.
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Figure 3.10. Left: The profiles of solarQwind speed along 
a line fixed in space, at longitude $ = 0 in the
equatorial plane, at T = 5, 10, 15..., 40 days. Right: The 
profiles of IMF magnitude along the same radial line 
corresponding to the left side.
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Figure 3.11. Equatorial plane view of the IMF pattern for 
the dipole source field, corresponding to the two-sector 
pattern in interplanetary space. The outer limit of the 
circular area is 20 AU.
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once in 27 days in a frame moving with the earth.
Let us now observe this rotating structure at fixed 

points in the heliosphere. The solar wind speed and the IMF 
magnitude exhibit two maxima as the two spiral structures 
pass by the points (namely, as the whole pattern rotates 
once in 25.4 days). Figure 3.12 shows the solar wind speed 
and the IMF magnitude variations at various distances from 
the sun, in the equatorial plane. The shock structure does 
not form clearly at 1 AU. However, the solar wind speed 
variations deviate considerably from a simple sine wave form 
(plus the constant speed of 300 km s 1 ) even at this 
distance, as weak compression occurs near the spiral 
structure. The IMF magnitude exhibits a broad maximum near 
the front of the weakly compressed wind region. Note that 
when these changes are observed at the earth, the whole time 
interval in the figure would be expanded from 25.4 to 27 
days. This is because the earth is not at a fixed point in 
space but revolves around the sun in the same direction as 
the corotating pattern. At a distance of 2 AU, however, one 
can clearly see the formation of the shock structure. The 

IMF magnitude shows two pulses per solar rotation, 
indicating a strong compression at the shock front. The 
shock structure sharpens between 3 and 5 AU. At 5 AU, one 
can see that each shock begins to develop into a pair of 
forward and reverse shocks, as described by Dryer and
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Figure 3.12. Time variations of solar wind speed and IMF 
magnitude, at distances of 1,2,3,4,5 and 10 AU along a 
radial line at longitude $ = 0 , in the equatorial plane.
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Steinolfson (1976). At 10 AU, the forward and reverse
shocks are seperated by as much as ~ 1 AU. As a result, the
peak magnitude of the IMF becomes less prominent at this 
distance than at a distance of 3 or 5 AU.

At times, the solar wind flow pattern is better
represented by a double sine wave, rather than a single sine
wave (Wilcox et al., 1980; Hakamada and Akasofu, 1981; 
Hoeksema et al., 1982; Bruno et al., 1982). In such a 
quadrupolar situation, the resulting IMF pattern is 
characterized by a four spiral arm structure. Figure 3.13 
shows an example of the quadrupolar situation. The IMF 
polarity changes four times per solar rotation at a fixed 
point, as the whole structure rotates once in 25.4 days.
This situation was described earlier as the so-called 'four- 
sector' structure (Wilcox and Ness, 1965).

b. Simulating the observed solar wind.

We are now at the point where we can attempt to 
simulate the actual solar wind conditions at the earth based 
upon conditions near the sun. Here we concentrate upon the 
background solar wind, or corotating stream situation. The 
addition of solar activity enhancements of the quiet time 
velocity and magnetic field will be discussed in Chapter 5.

The kinematic code has incorporated several improvements 

to the method of calculating solar wind parameters. The
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Figure 3.13. Equatorial plane view of the IMF pattern for 
the quadrapole source field, corresponding to the four- 
sector situation in interplanetary space. Outer limit of 
the cirular area is 5 AU.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



125

plane source surface, valid near the solar equator, has been 

replaced by a spherical source surface. All plane 
approximations have been removed, and results can now be 
obtained over the entire source sphere. The stream-stream 
interaction procedure of the kinematic code has been 
calibrated with the 1-D MHD solution of Steinolfson et al. 
(1975) and Smith et al. (1985), using the transformation 
procedure of Olmsted and Akasofu (1985). The idealized 
dipole and quadrupole source field configurations are 
replaced by the calculated Stanford potential field. We 
have just introduced a procedure to model the latitudinal 

dependence of source wind velocity, as well as its variation 
with solar cycle phase. The ephemeris discussed in the last 
chapter is used to locate the earth in the heliosphere for 
each simulation step. The resulting kinematic code will now 
be tested to see how well it reproduces actual solar wind 
observations. As a by-product, our empirical adjustment 
procedure allows us to determine the functional form of v gw 
vs X. The final form of Equation (3.2.1) (which varies for 
different phases of the solar cycle) is that which allows 
the kinematic simulations to most closely match spacecraft 
observations.

Selected intervals in the King data set are chosen for 
comparison with simulation results. Specifically, we look 
at rotations 1645-1649, 1665-1667 and 1682-1684. These
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A -  001876 1844 S12EQI SB B -  090176 OGSO NI9W57 SN
C -  090678 01 11 NI9W28 SN

Figure 3.14a. Contour maps of the source surface field 
strength, with times and locations of major flares
indicated by capital letters, for the interval covering
Carrington rotations 1645 - 1647. Magnetic field data
from Hoeksema et al. (1982, 1983).
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Figure 3.14b. Contour maps of the source surface field 
strength, with times and locations of major flares 
indicated by capital letters, for the interval covering 
Carrington rotations 1648 - 1649. Magnetic field data 
from Hoeksema et a l . (1982, 1983).
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intervals were chosen based upon the availability of data, 

recurrence tendency in solar wind velocity, and persistence 

of source surface magnetic field configuration. The kinemat 

ic results, based upon the Stanford source surface analysis 

(Hoeksema et a l ., 1982, 1983), are compared to the King 

(1979, 1983) solar wind data. Since solar flares induce 

transient effects in the data set, flare times and locations 

are indicated during each interval. Note that active 

regions which persist over several solar rotations may cause 

continual solar wind velocity enhancements and IMF 

disturbances. These cannot be eliminated from the data by 

the lower-envelope method, and therefore we fit the v gw vs 

Xm scatter diagrams by hand, as a first approximation.

(i) Rotations 1645-1647.
This first interval fell shortly after solar 

minimum. The source field configuration was characteristic 
of the four-sector situation, with low x angle tilt of the 
magnetic equator (neutral line) to the heliographic equator. 
Contour maps of the source surface radial field are shown in 
Figure 3.14, with the times and locations of major flares 
indicated by capital letters. Northern heliospheric 
latitudes on the source surface exhibited positive field 
strength values (IMF away) while the southern latitudes 
showed negative field values (IMF towards).
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Simulations were run for first-guess parameters
- ] -1 (v = 270 km s ' vi = ^00 km s , n = 3) and then the

parameters were adjusted through a trial-and-error process
to provide the best match to the King data for this
interval. Figure 3.15a-e shows the final kinematic
simulation results for the three 27-day intervals. Actual
hourly solar wind speed and IMF magnitude, polar angle ©
and azimuthal angle $ are shown as solid curves. The HA
code simulation results are shown as dashed curves. The
variation of 0 in the actual data is shown, for
consistency, even though the background kinematic code does
not simulate this quantity. A fairly good match of arrival

time of recurring streams and $-angle change is obtained.
The sparcity of King data makes this period difficult to

study, but we point out that, even though not shown, a
smaller n value (smaller latitudinal gradient in velocity)
produced a worse match between simulated and observed data.
Our final parameters were vQ = 300, v.̂  = 1200, and n = 16.
The final latitudinal dependence curve is shown in Figure
3.16, superposed on the scatter diagram of v^ for all three
rotations.

(ii) Rotations 1665-1667.
This period, during the rising phase of the solar 

cycle, was characterized by two northward extensions of the
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Figure 3.15a. Kinematic simulation (dashed curves) 
superimposed on plots of solar wind bulk speed, IMF 
magnitude, e, and $ angles from King (1979, 1983). This 
figure is for the interval covering Carrington rotation 
1645.
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Figure 3.15b. Same as Figure 3.15a, but for Carrington 
rotation 1646.
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Figure 3.15c. Same as Figure 3.15a, but for Carrington 
rotation 1647.
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Figure 3.15d. Same as Figure 3.15a, but for Carrington 
rotation 1648.
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Figure 3.15e. Same as Figure 3.15a, but for Carrington 
rotation 1649.
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Figure 3.16. Scatter diagram of for Carrington 
rotations 1645 - 1649, with final derived curve 
superimposed.
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source surface neutral line, and two southward extensions.
This situation could be idealized by the four-sector
heliosphere situation. The source field configuration
evolved gradually as the current sheet extended to higher
latitudes during successive rotations. Contour maps of the
source surface radial field are shown in Figure 3.17, along
with the times and locations of major solar flares. The
current sheet pattern appeared to drift eastward from
rotation 1665 to 1667. This showed up as a delay in the
recurring IMF sector boundary crossing. Figure 3.18a-c
shows the best fit simulation results (dashed curves)
superposed on the King data (solid curves). Figure 3.19
shows the v-, vs sinX with final derived curve for these 3 m
three rotations (v = 270, v^ = 400, and n = 8).

(iii) Rotations 1682-1684.
This period was also during the rising phase of 

solar activity, but near solar maximum. The current sheet 
now extended from pole to pole. This situation could be 
characterized by the idealized dipole configuration where 

the tilt angle ( x )  is very large. This configuration maps 
out to the two sector structure observed in interplanetary 

space. Figure 3.20 shows the source field contours for 
these three rotations, along with solar flares indicated by 
capital letters. The IMF structure was characterized by the
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Figure 3.17. Contour maps of the source surface field 
strength with times and locations of major flares indicated 
by capital letters, for the interval covering Carrington 
rotations 1665 - 1667. Magnetic field data is from 
Hoeksema et al. (1982, 1983).
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Figure 3.18a. Kinematic simulation (dashed curves) 
superimposed on plots of solar wind bulk speed, IMF 
magnitude, © and $ angles, from King (1979, 1983). This 
figure is for the interval covering Carrington rotation 
1665.
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Figure 3.18b. Same as Figure 3.18a, but for Carrington 
rotation 1666.
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Figure 3.18c. Same as Figure 3.18a, but for Carrington 
rotation 1667.
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Figure 3.19. Scatter diagram of v 3 for Carrington 
rotations 1665 - 1667, with final derived curve 
superimposed.
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Figure 3.20. Contour maps of the source surface field 
strength with times and locations of major flares indicated 
by capital letters, for the interval covering Carrington 
rotations 1682 - 1684. Magnetic field data is from 
Hoeksema et al. (1982, 1983).
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two sector structure with strong recurrence tendency during
this interval. The source surface neutral line was fairly

stationary, except for a kink in the neutral line which
developed during rotation 1683 at about heliographic
longitude 270°. In Figure 3.21, our final curve is

superposed over the scatter diagrams of v^ vs sinX. Final
parameter values are v = 260 km s \  v, = 405 km s \  and n c o 1
= 4 as a first approximation. The final kinematic 

simulation comparison is shown in Figure 3.22a-c. Now the 
match is surprisingly good. The velocity and IMF 
enhancement at about day 5 into rotation 1682 was associated 
with the current sheet crossing on day 2 (otherwise we would 
not have predicted iti). The first 10 days of rotation 1682 

are shown in expanded scale in Figure 3.23, in order to show 
how closely the match can be accomplished with adjustment of 
the HA code parameters. Once the parameters are adjusted, 
they are kept constant for the entire 3-rotation simulation. 
The second current sheet crossing rotation 1682 did not 
provide as good a match. Dynamic effects associated with 
transient disturbances complicate the picture considerably.

3.4 Discussion.

We have seen how the regression analysis provides only a 

rough estimate of the latitudinal variation of solar wind
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Figure 3.21. Scatter diagram of v 3 for Carrington 
rotations 1682 - 1684, with final derived curve 
superimposed.
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velocity. To study the background, or recurring, solar wind
situation, one should use the lower envelope of the
velocity-vs-magnetic latitude scatter diagram. The 
morphology of the solar wind flow must be accounted for when
attempting to study the latitudinal velocity variation. The
results presented here support the suggestion of Coles et 
al. (1980), Hakamada and Munakata (1984) and Newkirk and 
Fisk (1985), that the latitudinal variation of solar wind 
velocity changes with phase of solar cycle.

The fact that one sector crossing was simulated fairly 
well, while the other was not, may be due to the asymmetry 
of the function (Equation 3.2.1) about the neutral line.
This asymmetry is most likely due to the asymmetry of the 
source field configuration. As mentioned earlier, the 
source velocity latitudinal dependence probably depends most 
upon the flux tube divergence between the photosphere and 
source surface. The implication is that not only does the 
latitudinal variation of solar wind velocity change over the 
course of the solar cycle, but it also changes for different 
open field regions (ie., coronal holes) existing on the sun 
at the same time. In other words, individual velocity 
distributions must be determined for each coronal 
hole/neutral line crossing. A difference of 10-20 km s  ̂ in 
the modelled minimum source surface velocities can change
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the arrival time of sector boundary crossings by many hours. 
By the same token, similar differences in source surface 
maximum velocities can affect the arrival time of the 
simulated high speed streams at the earth.

More accurate modelling could be accomplished by mapping 
the high-speed streams back to their sources deep in the 
inner corona, rather than just to the source surface. This 
requires accurate, high resolution photospheric magnetic 
field observations, not available in this study.
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CHAPTER 4

Schatten et al. (1969) and Altschuter and Newkirk 
(1969) were the first to calculate the coronal magnetic 
field (IMF) configuration on the basis of the source 
surface model. The presence of an extensive current sheet 
around the sun was suggested by Schulz (1973), Saito 
(1975), Svalgaard and Wilcox (1976), Alfven (1977) and 
Smith et al. (1978). Satellite observations have confirmed 
the existence of current sheet like structures in the IMF. 
That this should be so is not intuitively obvious. For 
instance, the Parker solar wind model does not provide for 
the prediction of a current sheet extending out into 
interplanetary space. As mentioned in Chapter 1, in the 
Parker model, for a dipole source field, and constant solar 

wind speed, u,

r 2 -
B (rf©,♦) = Bq (— — ) cose r

r '
r 2 «r -

B . ( r ,6 ,<(>) = B ( — ) —  Sine cose <J>® o r u

The current in the solar wind required to support this field

151

4.1 Introduction
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configuration, from Ampere's law,

J = 4n V x B

It can be seen that the Parker model predicts an extended 
current distribution in the heliosphere away from 0 = 90° 
(the equator). This predicted current is not confined to a 
narrow sheet. However, observations contradict this 
prediction. There have been a large number of studies on 
the heliospheric current sheet. Specifically, studies have 
been made of the large-scale configuration (Kaburaki and 
Yoshii, 1979; Thomas and Smith, 1981; Burlaga et al., 1981) 
and its relation to the distribution of the photospheric 
magnetic field (Burlaga et al., 1981; Bruno et al., 1982; 
Hoeksema et al., 1982, 1983).

The large-scale configuration of the current sheet is 
complicated by the fact that its 'root' does not coincide 
with the heliographic equator, that the sun rotates with a 
period of about 25 days and that effects of this non
conformity are propagated outward with a finite speed by the 
solar wind. As a result, a large-scale wave structure 
develops on the current sheet and is propagated outward. 
Thus, the earth's location with respect to the heliospheric 

current sheet varies continuously. In other words, the
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sheet moves up and down with respect to a fixed point in 
space, or a slowly moving point (the earth). In an 
idealized situation, the current sheet crossing can be 
detected by a sudden change of the azimuth angle, <f>, of the 
IMF, either from ~ 135° to ~ 315° or from ~ 315° to ~ 135°. 
The location of the magnetic neutral line on the source 
surface varies fairly systematically during the 11-year 
sunspot cycle (Hoeksema et al., 1982, 1983), so that the 
geometry of the current sheet also varies during the sunspot 

cycle.
The spiral magnetic field lines originating near the 

neutral line on the 2.5 solar radii source surface lie close 
to the surface of the current sheet. One important aspect 
of the heliospheric current sheet is that it separates the 
heliosphere into two parts. One part is occupied by the 
solar wind from the hemisphere with outward directed (plus 
or away) field lines and the other by the solar wind from 
the magnetically inward (minus or toward) hemisphere. The 
importance of effects of the wavy structure on the 
propagation of cosmic-rays have been suggested by Jokip'ii 
and Thomas (1981). Moderate geomagnetic disturbances tend 
to occur during and soon after the current sheet crossing 

(Wilcox and Ness, 1965; Akasofu, 1981).
The three-dimensional configuration of such a solar 

current sheet is difficult to visualize, although some
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conceptual sketches have already been published (Svalgaard 
and Wilcox, 1976; Kaburaki and Yoshii, 1979; Thomas and 
Smith, 1981; Jokipii and Thomas, 1981). Thus, it is 
necessary to develop a simple modeling method in 
constructing the three-dimensional pattern for a given solar 
magnetic field distribution. We do this by taking into 
account the stream-stream interaction using the kinematic 
method. The HA code can be extended to construct the 
heliospheric current sheet, as explained in the next 
section. Furthermore, Olmsted and Akasofu (1985) showed 
that the kinematic method can incorporate MHD solutions, 
justifying the procedure.

In this chapter, we show first the configuration of the 
current sheet for idealized (sinusoidal) magnetic neutral 
lines. Then we construct the current sheets for observed 
magnetic neutral line on the source surface for several 
Carrington Rotations.

4.2 Method
The heliospheric current sheet consists of the solar 

wind particles which emanate from the neutral line on the 
source surface. This means that in general, the current 
sheet maps out the regions of minimum solar wind velocity in 
the heliosphere. The magnetic field lines which originate
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very close to the neutral line at the source surface lie 
close to the sheet. Therefore, the construction of the 
heliospheric current sheet at a particular time is reduced 
to the problem of determining the locations of all particles 
emanating from the neutral line prior to that time. The 
method developed by Hakamada and Akasofu (1982) can deal 
with such a problem by simulating closely the stream-stream 
interaction and the resulting shock wave formation, provided 
that the latitudinal dependence of the solar wind speed is 
known or assumed.

We define magnetic latitude as in the last chapter. We 
assume that the solar wind velocity has a magnetic- 
latitudinal dependence of the form as in Hakamada and 
Akasofu (1982). In Section 4.3, the kinematic method is 
applied to mapping the current sheet out into interplanetary 
space, assuming sinusoidal forms of the neutral line on the 
source surface.

Remember, for the dipole case, Xm is the same as angular
distance from the neutral line. For the Stanford (potential
analysis) source field configurations in Section 4.4, we

represent the magnetic latitude by the equation,
X = sin’^(B /B ), where now B is the highest field m ' r p ' ' p ^
strength on the calculated surface. Suess et al. (1984)
have found a better correlation between solar wind speed and 
field strength than between solar wind speed and distance
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from the heliospheric current sheet.
The magnetic field is always radial on the source

surface and zero at the neutral line. Over a strong field
region, which may correspond to a coronal hole, the
effective magnetic latitude will be greater than over a weak
field region, even when the actual distance from the neutral
line is the same. This is why we use our new relationship
for X . m

Physically, the solar wind speed at the source surface 
may depend most upon the divergence of the magnetic field 
geometry in the lower corona (Pneumann, 1976), as discussed 
in Chapter 3. For a dipole-like field geometry, this would 
also result in an increase in source velocity away from the 
neutral line.

4.3 Sinusoidal magnetic equators

a. Two sector situation
During the declining period of the sunspot cycle, the 

neutral line tends to have a simple sine wave form with 
respect to the heliographic equator (Hoeksema et al., 1983). 
In this case, the heliographic latitude, X, of the neutral 
line can be represented approximately by X = -x sin( 4>+4>0 ) 
at longitude , where X is the dipole tilt angle and <t>Q is

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



157

the phase angle. This is the situation which was initially 
modelled by the kinematic method developed by Hakamada and 
Akasofu (1982). The relationship for magnetic latitude of a 
point on the source surface, Equation (2.3.2), is used here. 
Figure 4.1 shows the heliospheric current sheet up to a 
distance of 2 AU which is viewed from 30°, 7°, 0° and -7° in 
latitude. The "zero" longitude (<t> = -4>0 ) is marked by a gap 
in the current sheet. The sun is rotated every 30° in 

longitude; this is approximately equivalent to seeing the 
current sheet along the longitude 0°, 330°, 300°, 270°, ... 
30°. The earth's orbit is seen as an ellipse, when it is 
viewed from other than 0° latitude; the solid-line portion 
is above the current sheet, while the dashed-line portion is 
below the current sheet. The two-sector situation is 
characterized by the two 'spriral arms' and by one ridge and 
one valley spiraling out from the origin (Kaburaki and 
Yoshii, 1979; Jokipii and Thomas, 1981). Figure 4.2 shows 
the heliospheric current sheet to 5 AU from the same view 

angles as Figure 4.1. Now we can see more clearly the
effect of the 'wobble' of the neutral line as it rotates
past a point fixed. Along a radial arm stretching out into 
space, the current sheet is seen to oscillate up and down as 
the neutral line particles propagate outward.

It is of great interest to examine the geometry of the
surfaces which are constituted by magnetic field lines from
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LONG= 9 0 * LAT  *  HO* 2  HAVE 2 AU LO N G * 120* M T * 3 0 *  2  WAVE 2 AU  L 0 N G = 1 5 O *  L A T - 3 0 8 2 WAVE 2 AU

57T3'-

L Q N G «2 IO *  L A I ^ a o *  2  WAVE 2 AU L0NG  =  2 4 0 e LAT =  30 ° 2  WAVE 2 AU

Figure 4.1a. Heliospheric current sheet (dipole case) 
out to a distance of 2 AU, as viewed from 30 latitude. 
The 'zero' longitude (corresponding to the intersection of 
the magnetic and heliographic equators) is marked by a gap 
in the current sheet. The viewers longitude is rotated 
every 30°. The earth's orbit is marked by the ellipse.
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Figure 4.1b. Same as Figure 4.1a, but from view-angle at 
+7 latitude.
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lo n 'g ^  m < r  u t - * c t  2 w a v e  a a u LONG a  2 1 0 s L\7rr o  ’  3  WAVE 2 AU L O N G -2-10’  f-\T -  0  ”  2  WAVE Z  AU

LONG =  2 7 0 " I A T = 0 B 2  WAVE 3  AU LONG ~  300" L A T - 0 *  2  WAVE 2 AU L0 N G =  3 3 0 * L A T *  0 * 2  WAVE 3 AU

Figure 4.1c. Same as Figure 4.1a, but from view-angle at 
0° latitude.
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L O N G ^ O *  L A T - = - 7 °  2  WAVE 2 AU

Figure 4.Id. Same as Figure 4.1a, but from view-angle at 
-7 latitude.
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I .0 N G -2 4 0 4 L A T *  3 0 "  2  WAVE 5 AU

Figure 4.2a. Heliospheric current sheet to 5 AU (dipole 
case) for the same view angles as Figure 4.1a.

i;
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



163

Figure 4.2b. Heliospheric current sheet to 5 AU (dipole 
case) for the same view angles as Figure 4.1b.
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L O N G -=150° L A T ^ O a 2 WAVE 5  AU

l,O N G -= IO fr  L \ T = rO ° 2  WAVE 5 A U

Figure 4.2c. Heliospheric current sheet to 5 AU (dipole 
case) for the same view angles as Figure 4.1c.
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L O N G -  330 °  LAT*= - 7  * 2 W AVE 5  AU

Figure 4.2d. Heliospheric current sheet to 5 AU (dipole 
case) for the same view angles as Figure 4.Id.
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a given magnetic latitude, since the field lines lap around 
such surfaces. Also, constant magnetic latitude surfaces 
are interesting because they are surfaces of constant source 
velocity. Note that when the heliographic equator coincides 
with the neutral line, these surfaces are cones with a 
common axis, which is the extension of the axis of rotation.

Figure 4.3 shows cross-sections of these high latitude 
surfaces to 2 AU. Solid lines lie above the current sheet 
while dashed lines lie below the current sheet. The cross
sections are shown for each 10° meridional slice through the 
heliosphere. The dipole tilt-angle, x ,  is 2 0 ° .  All frames 
are for the same simulation time. Cross-sections of the 
constant magnetic latitude surfaces are shown from Xm = -70° 
to +70°, in 5° increments. The neutral line (first dashed 

curve below the solid curves in each frame) varies above and 
below the equatorial plane by an amount equal to the angle 
X. This is simply because the neutral line extends poleward 
from the equator by this angle, and kinematic particles are 
confined to flow radially outward. Figure 4.4 shows the 
cross-sections of constant magnetic latitude surfaces to 5 
AU. Note that the wavy structure begins to be compressed at 
larger distances from the sun due to faster solar wind 
overtaking the slower flare. Figure 4.5 shows the surfaces 
of the constant magnetic latitudes 10°, 30° and 50° for the 
two-sector situation. Figure 4.6 shows the same out to 5
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CHI= 20 T= 0.0 CHI= 20 T= 0.0 ChI= 20 T= 0.0
2 flU L0NG= 50 2 flU L0NG= 40 2 AU   L0HG= 30

CHI = 20 T= 0.0 CHI= 20 T= 0.0 CHI= 20 T= 0.02 AU L0HG= 20 2 AU L0NG= 10 2 AU L0NG= 0

Figure 4.3. Meridional cross-sections of constant- Q
magnetic-latitude surfaces, for dipole tilt angle, X = 20 . 
The radial limit is 2 AU, and frames are shown every 10 in 
longi tude.

i)
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CHI = 20 T= 0.05 AU L0NG= 50 CHI= 20 T= 0.05 AU L0NG= 40 CHI = 20 5 AU T= 0.0 L0NG= 30

CHI= 20 5 AU
T= 0.0 
L0NG= 20 CHI= 20 T= 0.0 5 AU L0NG= 1 0 CHI= 20 5 AU T= 0.0 L0NG= 0

Figure 4.4. Same as Figure 4.3, but radial limit is 5
AU.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

DIPOLE CASE R= 2 AU

MLAT= 10°
LONG =260° LAT- 20° .\=  20 "

DIPOLE CASE R= 2 AU

MLAT= 30°
LONG — 260“ LAT— 20“ X=20°

DIPOLE CA: R= 2 AU

MLAT= 50°
LONG= 2GO° IAT = 20° ,X=20°

Figure 4.5. Surfaces of constant magnetic latitude 10°,
30 , and 50° for the two-sector situation. Surfaces extend 
out to 2 AU.
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DIPOLE CASE R= 5 AU

MLAT= 10°
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Figure 4.6. Same as Figure 4.5, but out to 5 AU radial
di stance.
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AU. Note that the inclination of the magnetic dipole axis 

to the rotational axis causes the surfaces to be distorted 

from pure conics.

Figures 4.7a, b, c, and d show the magnetic latitude 
lines on the source surface and contours of the iso-latitude 
(magnetic) surfaces at 1 AU, 2 AU and 5 AU, respectively.
At 1 AU the contour lines are more or less sinusoidal at low 
latitudes. That is to say, effects of the dependence of the 
solar wind speed on the magnetic latitude are not 
significant. Therefore, one can justify the comparison of 
the magnetic field direction (toward/away) on the source 
surface and at 1 AU without taking into account the 
resulting distortion. Only the shift due to the finite 
transit time for the solar wind particles need be 
considered. At 2 AU, however, low latitude cross-section 
lines are compressed together by the latitudinal gradient of 
the solar wind speed. At 5 AU, the compression becomes very 
significant. Thus, one must be cautious in comparing the 
source field and the field observed at 5 AU.

Near solar maximum, the angle x increases considerably 

(Saito, 1975; Hoeksema et al., 1982, 1983). Here, in Figure 

4.8, we show the current sheet for x = 60° from different 
latitudinal view angles 0°, 24°, 40° and 60°, and longitudes 

of 0° and 110°. The results are similar to those 

schematically illustrated by Saito (1975). An extreme
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D IPO LE  C A S E  -  2 .5  RS

D IPO LE  C A S E  -  1 AU

Figure 4.7. From top to bottom: (a) Magnetic latitude 
contours on the source surface for the two-sector 
situation, and X = 20 ; (b) Cross-section of iso-magnetic 
latitude surfaces at 1 AU; (c) Same as (b), but at 2 AU; 
(d) Same as (b), but at 5 AU.
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Figure 4.8. Heliospheric currentQsheet out to 2 AU for
the two-sector situation, and x = 60 . Observer's view 
angle is longitude = 0° and 110°, and latitude = 0°, 20°, 
40° and 60°.
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example of the high dipole tilt angle is for X = 90°. This 
situation is shown in Figures 4.9a, b, c and d. Note that 
even at 1 AU the low-latitude IMF is considerably 
compressed immediately behind the current sheet. In this 

situation, an observer at the earth might expect to see a 
sharp increase in solar wind speed and a pulse-like increase 
in IMF magnitude following the sector-boundary (current 
sheet) crossing. At larger distances (Figures 4.9b,c and d) 
the compressed regions extend increasingly farther from the 
equatorial plane. Compare Figure 4.9a with Figure 3.20, 

where the source field configurations for Carrington 
rotations 1682 - 1684 are shown.

b. Four-sector situation

The four-sector situation is characterized 
approximately by X = -X sin( 2<|>+<f>o ) on the source surface and 
thus four 'spiral arms' (Akasofu et al., 1984). Figure 
3.13, from the last chapter, shows the equatorial field line 
pattern to 5 AU for the 4-sector case. Two pairs of current 
sheet ridges and valleys spiral out from the origin and 
intersect the equatorial plane (and the ecliptic). The 
corresponding current sheet pattern was conceptually 
illustrated by Svalgaard and Wilcox (1976). Figure 4.10 
shows four-sector current sheet pattern up to 2 AU, seen 
from 30°, 7°, 0°, and -7° in latitude, and longitude varied
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D IP O LE  C A5E  -  2 .5  P.S

D IPO LE  C AS E  -  1 AU

D IP O LE  CASE  -  2  AU

D IPO LE  C AS E  -  5 A 'J

Figure 4.9. From top to bottom: (a) Magnetic latitude
contours on the source surface for the two sector 
situation, x = 90 ; (b) Cross-section of iso-magnetic 
latitude surfaces at 1 AU; (c) Same as (b), but at 2 AU; 
(d) Same as (b), but at 5 AU.
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L O N G -O '1 L A T = 3 0 *  4 WAVE 2 AU

LONG® 90* L A T =  30 *  4 WAVE 2 AU

L O N G * 330* L A T * »3 0 9 4  WAVE 2 AU

Figure 4.10a. Heliospheric current sheet surface out to 
2 AU in the four-sector situation. Observer's view angle 
is latitude = 30 and every 30° in longitude.

.
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•t w ave; 3 a u

Figure 4.10b. Heliospheric current sheet surface out to 
2 AU in the four-sector situation. Observer's view angle 
is latitude = +7 and every 30 in longitude.
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L O N G = 3 0 0 *  LAT  -  0®  4  WAVE 2 AU

Figure 4.10c. Heliospheric current sheet surface out to 
2 AU in the four-sector situation. Observer's view angle 
is latitude = 0° and every 30° in longitude.
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Figure 4.10d. Heliospheric current sheet surface out to 
2 AU in the four-sector situation. Observer's view angle 
is latitude = - 7° and every 30 in longitude.
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in 30° increments. Figure 4.11 shows the same out to 5 AU. 
Note that at larger radial distances from the sun, the 
current sheet develops steep ridges which spiral outward 
with the wave structure. The stream-stream interaction now 
acts to severely alter the current sheet pattern from the 
simplistic schematics visualized earlier.

Following the discussion of the dipole case, the 
meridional cross sections of constant magnetic latitude 
surfaces are shown in Figure 4.12, for the 4-sector case out 
to 2 AU. Figure 4.13 shows the same out to 5 AU radial 
distance. It can be seen that the kinematic method predicts 
a sharp folding of the current sheet at the ridge 
structures, in this situation. The constant magnetic 
latitude surfaces to 2 AU, for magnetic latitude = 10°, 30°, 
and 50° are shown in Figure 4.14. In this figure, X = 20° 
and the view angle is longitude = 320°, latitude = 20°. The 
complicated surfaces displayed here would have been very 
difficult to visualize conceptually, without some mechanism 
to account for the stream-stream interaction.

The magnetic latitude contours on the 2.5 solar radii 
source surface, for the 4-sector case, are shown in Figure 
4.15a. Here X = 20°. The cross-section of the magnetic 
latitude surfaces at 1, 2, and 5 AU are shown in Figure 
4.15b, c, d. In this 4-sector case, considerable 
compression of the field lines begins at 1 AU, even for

f; ■
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Figure 4.11a. Same as 4.10a, but out to 5 A U .
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Figure 4.11b. Same as 4.10b, but out to 5 AU.
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Figure 4.11c. Same as 4.10c, but out to 5 AU.
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Figure 4.lid. Same as 4.10d, but out to 5 AU.
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Figure 4.12. Meridional cross - sections of constant 
magnetic latitude surfaces, for x = 20 , in the four-sector 
situation. The radial limit is 2 AU, and frames are shown 
every 10° in longitude.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



186

Figure 4.13. Same as Figure 4.12, but out to 5 AU.
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Figure 4.15. Top to bottom: (a) Magnetic latitude
contours on the source surface for the four-sector 
situation; (b) Cross-section of iso-magnetic latitude 
surfaces at 1 AU, for the four-sector situation; (c) 
as (b), but at 2 AU; (d) Same as (b), but to 5 AU.
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relatively low X angle. In the high X angle case, direct 
mapping of sector structure back to the solar source field 
configuration may no longer be valid. The stream-stream 
interaction becomes an important consideration in 
correlations of solar wind speed with source field 
configuration. Adjustments by kinematic or other methods 
may be required, as discussed in the last chapter.

Hoeksema et al. (1982, 1983) noted also that during 
certain epochs of the sunspot cycle latitudinal excursion of 
the neutral line (the angle X) becomes large. The source 
field configuration is represented in Figure 4.16 by the 
contours of magnetic latitude on the source surface for 
X = 40°. The magnetic poles are located at latitude = 50°, 
and the neutral line extends up to latitude = 40°. This 
situation corresponds to the rising phase of the solar 
cycle. For instance, compare Figure 4.16 to Figure 3.17 
(last chapter) which shows the source field configuration 
for Carrington rotations 1665 - 1667. In Figure 4.17a, b 
and c we can see the simulated current sheet to 2 AU from a 
view angle of longitude = 190° and latitude = 10° for three 
tilt angles, X = 30°, 40° and 50°.
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Figure 4.16. Magnetic latitude contours on theQsource 
surface for the four-sector situation, and x = 40 .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

CD■o-5O
Q .Co
CD
Q .

A -  WAVE CASE R - 2 AU

M L A T -  0 °
L O N G =  190° L A T  = 10° \ = 3 0 ?

4 -WAVE CASE R- 2 AU

i g m r n  
I i #
\t ̂

Ml AT = 0  ”
I.0 N 0 - 1 DO'1 L A T - 10” Y = 4 0 ”

4 -WAVE CASE R = 2 AU

M L A T = V  
LONG = 1 9 0 ” LAT= 10" X  = 5 0 ”

Figure 4 . 1 7  Heliospheric current sheet out to 2 AU
radial distance, for the four-sector situation. Observer's 
view angle is longitude = 1 9 0  , and latitude - 10 .
( a )  x  = 3 0 ° ,  (b) X = 40 and (c) X = 50 .



192

4.4 Realistic source field
The method described in the above discussion can be 

extended to the observed source field configuration. The 
actual neutral lines are generally more complicated than the 
sinusoidal situations. The latitudinal dependence of the 
solar wind speed is assumed to be known; in this case, we 
assume the same dependence as that in the last two sections. 
Here, as examples, we choose Carrington Rotations 1648 and 
1665. The neutral line on the source surface for the 
Carrington Rotation 1648 determined by Hoeksema et al.
(1983) was shown in Figure 3.14d. That figure was a contour 
plot of the source surface magnetic field in units of micro
Teslas. Figure 4.18 shows a view out to 5 AU of the 
heliospheric current sheet for Carrington Rotation 1648.
The view is from an observer's location of longitude = 300° 
and latitude = 30°. This particular rotation, near sunspot 
minimum, appears to possess a heliospheric current sheet 
very similar to the low x-angle, four-sector idealized 
situation. This shows that even small excursions of the 
neutral line, above and below the equatorial plane, cause an 
outward propagating wavy structure in the current sheet.

As the neutral line extends to higher latitudes, the 
current sheet becomes increasingly distorted. Figure 4.19a, 
b, c and d show the current sheet for Carrington rotation 
1665, for latitude = 30°, and longitude = 30°, 120°, 210°,
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Rotation #1648 R= 5 AU

MLAT= 0 ° 
LONG = 300° LAT= 30°

Figure 4.18. Heliospheric current sheet obtained by 
extending the Stanford (potential analysis) neutral line 
out into interplanetary space. Observer's view angle is 
from longitude = 300° and latitude = 30 . The 'zero' 
longitude (marked by the gap in the currgnt sheet) 
correspondes to Carrington longitude = 0  at the beginning 
of Carrington rotation 1648.
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Figure 4.19. Heliospheric current sheet, as in Figure 
4.18, but for Carrington rotation 1665. View angles are 
from latitude = 30 , and longitude = 30°, 120°, 210° and
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and 300°, respectively. The current sheet exhibits folding 
which is difficult for the plotting software used here to 
handle. The folds are due to the meandering of the neutral 
line on the source surface. Refer to Figure 3.17, which 
shows the source surface field configuration for this 
Carrington rotation. It can be seen that the neutral line 
crosses longitudes 70° and 340° several times. This highly 
inclined situation is similar to the X = 90° case shown in 

Figure 4.9a-d.

4.5 High latitude IMF
In anticipation of the upcoming launch of the solar 

polar orbiting spacecraft Ulysses (formerly known as the 
international Solar Polar mission), it is interesting to 
study the high latitude IMF based upon the kinematic method. 
The basic IMF pattern in the equatorial plane was simulated 

in Section 3.4a. In this section we extend the simulation 
of the interplanetary magnetic field to high heliographic 
latitudes for several X tilts of the idealized source 
surface neutral line. The time evolution of the IMF at 
fixed points in space will be displayed along 
longitude = 0°.

Figures 4.20a-d show the solar wind velocity, IMF 
magnitude and $ angle at latitudes 0°, 40° and 80°, and 1,
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Figure 4.20a,b. Simulated solar wind velocity, IMF 
magnitude and $ angle time profiles for the two-sector 
situation. Dipole tilt angle, X = 20 . SimulationsQare at 
a distance of (a) 1 AU, and (b) 2 AU. Longitude = 0 , and 
latitudes varying from 0° - +80 , in 40 increments.
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2, 5 and 10 AU radial distance. Here the dipole tilt-angle,
X = 20°, and we consider the two-sector situation. At 
latitude = 0°, the pattern is as discussed earlier in 
Chapter 3. The sinusoidal solar wind speed profile becomes 
more skewed towards the sector boundary at larger distances, 
and the forward and reverse shock structure develops. At 
latitude = 40°, the variations are not as pronounced, and at 
latitude = 80°, almost no changes in any of the three 
parameters can be discerned. At 1 AU, in Figure 4.20a, the 
$ angle changes from the 135°/315° orientation at 
latitude = 0°, to a constant $ ~ 150° at latitude = 40°, and 
$ ~ 180° at the highest latitude. At the larger distances, 
in Figures 4.20b,c and d, the § angle shifts to lower 
values, although it still changes by 180° in regions where 
current sheet crossings occur (latitude < 20°). We might 
imagine that Ulysses will observe, at high latitudes, a 
constant background solar wind velocity and uniform magnetic 
field in the low x-angle situation (solar minimum, and 
neglecting transient events). Figure 4.21a-d show the same 
parameters as Figure 4.20a-d, but now x = 60°, corresponding 
to a more active period in the solar cycle. The recurring 

features now are seen to extend to higher latitudes, and 
variations in solar wind speed, and to a lesser extent, 
magnetic field, occur even at latitude = 80°. Ulysses will
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Figure 4.21a,b. Simulated solar wind velocity, IMF 
magnitude and $ angle time profiles fgr the two-sector 
situation. Dipole tilt angle, X = 60 . Simulations are at 
a distance of (a) 1 AU, and (b)02 AU. Longitude = 0 , and 
latitudes varying from 0 - +80 , in 40 increments.
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Figure 4.21c,d. Simulated solar wind velocity, IMF 
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then see a wider variation of background solar wind 

parameters. We look forward to the spacecraft observations 

to further test the kinematic method.

4.6 Discussion
We have demonstrated that it is possible to construct 

the heliospheric current sheet for the idealized and 

realistic case by taking into account the stream-stream 

interaction. In addition we predicted some features of the 

idealized high latitude heliospheric structure. Only the 

advent of spacecraft observations will confirm or contradict 

our predictions.

In the next chapter we show that the geometry of the 

heliospheric current sheet and the location of observation 

points, space probes, satellites and the earth, with respect 

to the changing geometry of the current sheet, are essential 

in an attempt to interpret solar wind and IMF observations.

It should be added that since the method developed here 

can be calibrated by multi-dimensional MHD solutions at high 

latitudes, the accuracy of the geometry of the heliospheric 

current sheet and high-latitude IMF structure can be 

improved accordingly.
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CHAPTER 5

5.1 Introduction
The kinematic code has the ability to incorporate 

solar flare effects into the simulation of solar wind 
phenomena. We continue the work of Hakamada and Akasofu 
(1982) and study both the propagation of idealized solar 
wind disturbances, and actual event periods. Section 5.2 

looks at the evolution of solar wind structure as 
successive flares are introduced. The disturbances are 
followed as they move outward and the corotating pattern 
re-establishes itself. Section 5.3 provides a comparison 
of the HA method results with actual solar wind parameters 
observed for a series of solar disturbances during two 
event periods. In the final section in this chapter, 
Section 5.4, we model the idealized, sinusoidal 
heliospheric current sheet as it is distorted by 

hypothetical solar flares.

5.2 Solar wind disturbances caused by solar flares:

Equatorial plane
In this section we study the propagation of flare-

induced disturbances in the two-sector and four-sector IMF
patterns. Each solar flare is characterized by six

202
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parameters. The successive IMF patterns and the associated 
solar wind flow pattern in the eguatorial plane of the 
heliosphere are presented for a variety of single, double 
and six successive flares during a time span of 0.5 - 60 

days after the flares. The disturbed solar wind speed and 
IMF magnitude are presented in the standard ways, as a 
function of distance along a radial line fixed in space and 
also as a function of time at several points fixed in space 
(simulating approximately space probe observations). The 
results discussed in this section have been published in 

Akasofu et al. (1983).

a. Characterization of solar flare parameters

We assume that a solar flare causes a high speed flow 

from a circular area centered at the flare. In our model, 

this flow on the source surface is characterized by six 

parameters. They are: (a) the onset time Tp , (b,c) the 

longitude (<f>) and latitude (X) of the flare, (d) the 

maximum speed of the flow v p (km s ’1 ), (e) the time 

variation of the flow, expressed by V = V_te and thus
r

parameterized by r hr, (f) the gaussian distribution of the 

flow speed with the standard deviation a°. Unlike the 

first three parameters, we have not yet been able to 

determine the latter three entirely on the basis of solar 

observations. We shall discuss various methods of
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estimating V„, t  and a in Section 5.2g.r
As an example, we assume the following values for the 

six parameters,

T = 0 hr, <)> = 302.4°, 6 = 12°r
V_ = 820 km s t  = 12 hr, a = 80°.F

The background distribution on the source surface is shown 

in the upper panel of Figure 5.1. The earth, located at 

latitudes X < 7.25°, encounters a flow from the northern 

magnetic latitude during one-half of each Carrington 

rotation, and a flow from the southern hemisphere during 

the other half. The flow pattern thus generated produces 

the familiar spiral IMF pattern with alternating (toward 

and away) polarity, together with the two 'spiral arms', 

namely the corotating interaction regions (CIR). The 

middle panel shows the circular area from which a high 

speed flow emanates and the bottom panel shows variations 

of the flow speed at the center of the circular area as a 

function of time for Vp = 820 km s ^ and t = 5 hr.

b. A Single Flare

In this section, we examine in some detail the 

propagation of flare - induced solar wind disturbances 

generated by a single flare. The high speed flow is
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HELIOGRAPHIC LONGITUDE
900

0 1 2 
TIME (DAYS)

Figure 5.1 Top: the solar wind speed distribution on
the source surface. The curve of the minimum speed of 300
km s" is along the heliomagnetic equator. Middle: high
wind speed distribution for, T = 0, * = 302.4 , X = 0 ,
V = 820 km s’ , t = 5 hr and a = 80 , at the maximum
epoch. Bottom: time variation of the high wind speed for t
= 5 hr and V_ = 820 km s .F
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characterized by the six parameters as follows:

T = 0 hr, | = 45°, X = 0°F
Vp = 800 km s'1 , x = 12 hr, a = 60°r

Figures 5.2a, b and c show the IMF pattern at T = 0.5, 1.0, 
1.5, 2.0, 3.0, 3.5, 4.0, 5.0, 12.0, 36.0, 48.0 and 60 days 
after the onset of the flare. In Figures 5.2a and 5.2b, 
the outer limit of the circular area is 5 AU, while in 
Figure 5.2c it is 25 AU. Note that the x-axis is the
radial line specified by <f> = 0° and X = 0° and that the
intersection point of this radial line with the source 
surface is at either end of the heliographic equator in 

Figure 5.1.
The flare - induced disturbance becomes apparent at T =

1.0 day as the shock wave expands from the flare location. 
The shock wave expands rapidly outward as time progresses 
and interacts with one of the spiral arms first, at T ~ 4.0 
days, and with the successive ones later. Note that the 
spiral arm structure rotates steadily, while the flare- 
induced shock expands outward. It is particularly 
interesting to note that the shock structure covers almost
one-quarter of the outer heliosphere at T = 60 days for the
above chosen value of a = 60°. One can also see that the 
spiral pattern re-establishes itself behind the shock after
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Figure 5.2.a The disturbed IMF pattern caused by a fjare 
characterized by T = 0, 4> = 45 , X = 0, V„ = 800 km s , t  
= 12 hr and a = 60 at T = 0.5, 1.0, 1.5 and 2.0 days with 
the outer limit of 5 AU.
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Figure 5.2.b The disturbed IMF pattern caused by a 
characterized by T = 0, $ = 45 , X = 0, V = 800 km 
= 12 hr and a = 60 at T = 3.0, 3.5, 4.0 and 5.0 days, 
the outer limit of 5 AU.

flare 
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Figure 5.2.c The disturbed IMF pattern caused by a fjare 
characterized by T„ = 0, <J> = 45 , X = 0, V = 800 km s , 
t = 12 hr and a = 60 at T = 12, 36, 48 and 60 days, with 
the outer limit at 25 AU.
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- about T ~ 12 days, and expands outward as well.
In Figures 5.3a and b, we observe the velocity profile 

of the induced solar wind disturbances along a fixed radial 
line. In this particular case, we choose the radial line 
at longitude = 45° in the equatorial plane. At T = 1.0 
day, we can see a well-defined shock wave at a radial 
distance of R ~ 0.35 AU. It is superimposed on the basic 
flow which forms a shock structure (one of the spiral arms) 
at about 2.2 AU at that time. Examine Figure 5.2a in 
conjunction with Figures 5.3a and b. The shock structure 
moves rapidly outward, and so does the spiral arm but with 
a slower speed. At T = 5.0 days the flare - induced shock 
wave develops into a forward and a reverse shock (Dryer and 
Steinolfson, 1976). Most of the characteristics of the 
shock are at least qualitatively in agreement with the 
results obtained by the earlier workers cited above. The 
spiral arm is about 0.6 AU ahead of the shock along the 
radial line of = 45° at T = 5.0 days. However by that 
time, as is clear from Figure 5.2a, the shock has already 
caught up with the spiral arm along the radial lines for 
> 50°. This indicates that the velocity profile depends 
greatly on the chosen radial line. In Figure 5.3b, one can 
see the velocity profile at T = 10.0, 20.0, 30.0 and 40.0 
days after the onset of the flare. The shock wave has 
significantly decelerated after T = 10 days. The forward
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SINGLE FLARE (0=45°)

Figure 5.3a. The solar wind speed and the IMF magnitude 
profiles as a function of radial distance along the radial 
line § = 45° in the equatorial plane at T = 1.0, 2.0, 3.0 
and 5.0 days.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



2 1 2

1 5CJU
SINGLE FLARE (©=45°) 

m  i r r in-n rrn T i  i i i i n  r CT=10.0 1 5(jOP ! l"1 'I'l'm ) i i i i fT'l i i | m ~r [ T = " ~  ~F1200

Cel 900»- W
0U 6 0 0  
CO

3 0 0
oh

:30.0

m
" w *oo  o ►j

- 2
T-

i i i i i ■ i i i 1 • i i i t I t ; i I i i i i
10 15 2 0  25

AU
15(TiT 
1200

p
CrJ 900  K
Oh 6 0 0
CO

300

i i  i i i i i i t i ' i t i  i i i i i i i i i n  r
:t =20.o

o-111 III ! H l-t-i I IH-lI i i l-H-t

1500U1i i i i i i tt | i m  i i i i i i i i i
r T=40.01200p

C£) 9 0 0

Pl, 6 0 0  
CO

3 0 0

111 H H-l-H-

Figure 5.3b. The solar wind speed and the IMF magnitude 
profiles as a function of radial distance along the radial 
line $ = 45° in the equatorial plane at T=10, 20, 30 and 40 
days.
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and reverse shocks, and the spiral arms coalesce in a 

complicated way, and it becomes difficult to distinguish 

them.

Let us now observe these features as a function of 

time at several fixed points along the same radial line (at 

longitude § = 45° in the equatorial plane), simulating

observations by space probes at different radial distances. 

In Figure 5.4, we see time variations of both the solar 

wind speed and the IMF magnitude as a function of time.

The shock wave reaches a distance of R = 1 AU at T = 2.0 
days. This can also be seen at T = 2.0 days in Figure 
5.2a. At R = 2 AU, the shock wave arrives at T ^ 4.0 days. 
Note that the shock wave has developed into a pair of 
forward and reverse shocks. At R = 5 AU, the arrival of 
the shock coincides with that of the corotating structure, 
complicating the time profile of the solar wind speed. A 
much decelerated shock arrives at R = 10 AU at T ~ 22 days. 

See also Figure 5.2c.

c. Dependence of the flare longitude and latitude

The profiles discussed in the previous section depend 
also on the location (longitude, latitude) of the flare 
sources with respect to the basic solar wind speed and IMF 
patterns. Figures 5.5a and b show the disturbance patterns 
for flares located at longitude <J> = 0° and 90°,
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SINGLE FLARE (0=45°)

Figure 5.4. The time variations of the solar wind speed
and of the IMF magnitude at a radial distance of 1/Q2/ 5 
and 10 AU along the radial line at longitude i = 45 in the 
equatorial plane.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5AU 5AU 5AU

Figure 5.5a. The disturbed IMF pattern caused by a^lare 
characterized by <J> = 0, T = 0, X = 0, V„ = 800 km s , 
t = 24 hr and a = 45 .
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Figure 5.5b. The disturbed IMF pattern caused by a flare 
characterized by <J> = 90, = 0, X = 0, r = 24 hr and
a = 45 .
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respectively. Although some of the other parameters are 
somewhat different, these figures can be compared with 
Figures 5.2a-c. Obviously, the resulting interaction 
pattern of the flare - induced shock with the basic flow 
pattern is considerably different, depending on the 
longitude of flares with respect to the corotating 
structure. In Figure 5.5b, the shock advances faster at <f>
= 90° than that for the case of <j> = 0°, because the 
background solar wind is faster along <j> = 90° than along <J>
= 0°. If the latitude X of the flare is higher, say X = 7° 
(instead of X = 0°), the shock is expected to propagate 
even faster (see Figure 5.1). Note, however, the earth has 
to be located in the northern higher heliospheric latitude 
(September) to intercept the highest speed stream. The 
disturbance reaches one of the arms at T ~ 3 days and 
pushes the arm continually as it expands outward. Thus, a 
detailed study of space probe data may require an effort of 
this kind as a guide in simulating the situation. The need 
of such an effort becomes more apparent when we have to 
deal with two and then six successive flares.

d. Dependence of single flares on Vp , t  and a

(l) v F

In Figures 5.6a, and b, all the parameters are kept 
the same, except for Vp . In this way, we can see how solar

i: • ’ ’
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SAU 5AU 5AU

Figure 5.6a. The disturbed IMF pattern caused by flares 
with different maximum speeds, V„ = 200 km s , Tp = 0,
<j> = 0, X = 0, T = 12 hr and a = 35 .
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Figure 5.6b. The disturbed IMF pattern caused by flares 
with different maximum speeds, V p = 1000 km s , T = 0,
<f> = 0, X = 0, t = 12 hr and a = 45 .
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wind disturbances depend on different values of V „ . Herer
we choose two values of V„: 200 and 1000 km s . Inr
addition to the expected differences due to different 
speeds, we see that a slower speed flow tends to produce a 
semi-circular shock front, while a higher speed flow tends 
to produce a bullet - shaped shock front. This difference is 
caused partly by the relative speed of the flare - induced 
flow with respect to the background flow. Also note that 
the width of the shock becomes much thicker for higher 
speed flow as it reaches greater distances (although 

differences in the widths at 1 AU are small).
(2) Dependence on x
In Figures 5.7a and b, all the parameters are kept the 

same, except for t . Here, we choose two values of t , 1 hr 
and 12 hr. Although the disturbance patterns for a wide 

range of t are not shown here, a short duration flow 
characterized by pulses of t = 1 hr does not generate a 
clear shock structure, while longer durations of t > 6 hr 
produce no qualitative difference in terms of the IMF 
disturbance pattern. When the shock structure is observed 
at a fixed point, larger t values tend to produce slightly 
faster peak speeds and longer transit times between the sun 
and the earth. A longer transit time is due to a slower 
build-up time of the flare speed (see Figure 5.1). Behind 
the shock, the basic corotating flow pattern tends to
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Figure 5.7a. The disturbed IMF pattern caused by flares
with different values of the time variation parameter,
t = 1 hr, T_ = 0, <|> = 0, X = 0, V_ = 800 km s' , and . ro F Fa = 45 .
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Figure 5.7b. The disturbed IMF pattern caused by flares
with different values of the time variation parameter,
t = 12 hr, T_ = 0, <t> = 0, X = 0, V_ = 800 km s' , and o ' F ' T ' ' Fa = 45 .
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establish itself sooner for shorter t .
(3) Dependence on q
In Figure 5.8, we choose the value of ct to be 60°.

Note that the shock wave extends well beyond 90° in 
longitude. Thus, the shock will be observed even if a 
flare takes place beyond the limb of the solar disk.
Indeed, it is known that interplanetary shock waves or 

geomagnetic sudden impulses are often caused by flare 

activity beyond the limb of the solar disk (cf. Dryer,

1974, 1975). In Figure 5.7b, all the parameters are the

same as those in Figure 5.8, except for a = 45°. One can

infer from both cases that the shock does not extend beyond 

90° if a is less than 45°.

e. Double Flare

It is quite common for a single active region to 

produce a series of flares. In this section, we model 

solar wind disturbances caused by a two successive flares. 

It is assumed that the first flare is characterized by:

T_ = 0 hr, <|> = 0, X = 0°
r

V„ = 800 km s \  t = 12 hr and a = 60°F

The same active region generates the second flare 48 hr 
(T = 2 days) after the onset of the first flare. The
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Figure 5.8. The disturbed IMF pattern caused by flares
with the high speed area a = 60 . The other parameters are
T = 0, $ = 0, X = 0, V = 800 km s ’ and x = 12 hr.F F
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second flare is characterized by:

T^ = 48 hr, 4> = 28.3°, X = 0°
r

V = 1000 km s \  t  = 12 hr, a = 20°F

Note that the active region rotated 28.3° in longitude in 
48 hours. Figures 5.9a and b illustrate the propagating 
solar wind disturbances caused by the double flare 
activity. The shock wave associated with the second flare 
becomes clearly evident at T ~ 3.5 days. Since it is 
assumed that the second flare caused a higher speed flow 
(1000 km s ^ ) than the first one (800 km s ^ ), the second 
shock catches up with the first one at a distance of ~ 3 AU 
at T ~ 6.0 days.

Both shocks catch up with one of the corotating 
structures at a distance of ~ 3 AU at T ~ 7 days. At T ~
10.0 days, both shocks reach a distance of ~ 5 AU. Figure 
5.9b shows the propagation of the solar wind disturbances 
in the outer heliosphere; the outer limit of the figure is 
25 AU. At 48 days after the onset of the first flare, the 
double shock wave was still propagating outward, pushing 
and considerably deforming the spiral pattern. The two- 
spiral arm structure begins to reappear behind the double 
shock after T ~ 12 days and also expands outward.

Figures 5.10a and b show the solar wind speed profile
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Figure 5.9a. The disturbed IMF pattern caused by a 
double flare characterized by Flare 1 (T = 0, <f> = 0,
X = 0, V = 800 km s’ , t = 12 hr and a = 60).and Flare 2 
(T = 48 hr, <f> = 28.3, X = 0, V = 1000 km s , t = 12 hr 
and a = 20); T = 0.0, 1.5, 3.5 and 7.0 days with the outer 
limit of 5 AU.
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Figure 5.9b. The disturbed IMF pattern caused by a 
double flare characterized by Flare 1 (T = 0, <f> = 0,
X = 0, V = 800 km s’ , t = 12 hr and a = 60),and Flare 2' 
(T = 48Fhr, 4> = 28.3, X = 0, V = 1000 km s' , x = 12 hr 
an§ a = 20); T = 12, 24, 36 and 48 days with the outer 
limit of 25 AU.
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TWO SUCCESSIVE FLARES (<J>=45°)

AU AU

AU

Figure 5.10a. The solar wind speed and the IMF magnitude 
profiles as function of radial distance along the radial 
line of <J> = 45° in the equatorial plane at T = 1.0, 2.0,
3.0 and 5.0 days.
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TWO SUCCESSIVE FLARES (tp=45

Figure 5.10b. The solar wind speed and the IMF magnitude 
profiles as function of radial distance along the radial 
line of <f> = 45 in the equatorial plane at 2.0, 3.0 and 
T = 10, 20, 30 and 40 days.
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and the IMF magnitude profile along a radial line of 
longitude <j> = 45° in the ecliptic plane. In Figure 5.10a, 
the double shock becomes evident at T = 3.0 days. Both 
shock waves propagate outward, as is seen at T = 5.0 days. 
Compare this figure with Figure 5.9b. Figure 5.10b shows 
the profiles at T = 10, 20, 30 and 40 days after the onset
of the first flare; the outer limit of the distance scale
is 25 AU. At T = 20 days, the two shock waves are 
approaching one of the corotating structures at R ~ 10.2 
AU. However, after T = 30 days the shocks become 

significantly decelerated.
Let us now examine the propagation of these

disturbances at several fixed points along the same radial
line at <t> = 45°, in the ecliptic plane (simulating space 
probe observations); the time profiles are shown in Figure 
5.11. At a radial distance of R = 1 AU, the first shock 
arrives at T ~ 2.0 days and the second shock at T ~ 3.5 
days. At R = 2 AU, each shock develops into a forward and 
a reverse shock. These structures and one of the 
corotating structures coalesce as they propagate further 
and arrive at a distance of R = 5 AU at T ~ 10 days. The 
coalesced structure appears almost like a single shock at R 
= 10 AU and 19 days after the onset of the first flare.
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TWO SUCCESSIVE FLARES (<J»=45°)

Figure 5.11. The time variations of the solar wind and 
of the IMF magnitude at a radial distance ofol, 2, 5 and 10 
AU along the radial line at longitude <j> = 45 in the 
equatorial plane.
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f. Six Successive Flares in the Quadrupole Situation

In this section, we assume an extremely active region 

which produces six successive flares during a 10 day period 

in the quadrupolar situation. Such high activity is not 

uncommon. The flares are parameterized as follows:

Flare 1: T=0 hr, $=0°, X=0°, V =400 km s'1 , t=12 hr,r
a = 6 0°

Flare 2: T=2.0 days, <{>=28.3°, X=0°, V F=500 km s 1 
t = 1 2  hr, a=20°

Flare 3: T=14 days, <f> = 56.7°, X=0°, V p=400 km s 1 
t = 1 2  hr, a=60°

Flare 4: T=5 days, +=70.9°, X=0°, Vp=450 km s 1 , 
t=12 hr, a=40°

Flare 5: T=7 days, <t>=99.2°, X=0°, Vp=500 km s 1 , 
t=12 hr, a=50°

Flare 6: T=10 days, ♦=141.7°, X=0°, V p=500 km s'1 
t=12 hr, <j = 40°

Figures 5.12a, b and c show the propagation of the

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



2 3 3

5-AlJ

Figure 5.12a. The disturbed IMF pattern caused by six 
successive flares in the quadrupole condition (see the text 
for the six flare parameters); T = 1, 2, 3, 5, 7 and 11 
days at 5 AU.
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10 AU

Figure 5.12b. The disturbed IMF pattern caused by six 
successive flares in the quadrupole condition (see the text 
for the six flare parameters); T = 10,15, 20 and 25 days at 
10 AU.
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15 AU

15AU - 15AU

Figure 5.12c. The disturbed IMF pattern caused by six 
successive flares in the quadrupole condition (see the text 
for the six flare parameters); T = 20, 30, 40 and 50 days 
at 15 AU.
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successive shock waves. The shock structures interact with 
each other, as well as with the corotating structures. This 
situation results in a very complex pattern of the shock 
structure in the outer heliosphere. Since all shock 
structures coalesce, it is impossible to identify 
individual shock waves caused by individual flares. This 
is also expected to be the case during actual multiple 
flare events. It is interesting to see that a period of 
intense flare activity lasting for 10 days (less than one- 
half of the solar rotation period) can disturb about two- 
thirds of the outer heliosphere. Note that the corotating 
structures rotated about twice during the period covered in 

Figure 5.12a, b and c.
In Figures 5.13a and b, we examine the velocity 

profiles observed at a number of fixed points in space, at 
radial distances of 1, 5 and 10 AU along two longitude 
lines at <t> = 45° and 135°. This situation approximately 
simulates what space probes would observe at these 
locations. From Figures 5.12a, b and c, one can see that 
the highest disturbance occurs approximately along the 
longitude 4>q = 45°. This can also be seen as a multiple 
shock at R = 1 AU along the radial line <|>o = 45°. However, 
most of the shock structures coalesce, forming a rather 
simple double shock which arrives at R = 5 AU on the 12th 
day. At R = 10 AU, the double shock structure seems to be
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Figure 5.13a. The time variations of the solar wind and 
the IMF magnitude at a radial distance of 1, 5 and 10 AU 
along the radial line of longitude; <f> = 45 .
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Figure 5.13b. The time variations of the solar wind and 
the IMF magnitude at a radial distance of 1^ 5 and 10 AU 
along the radial line of longitude; <f> = 135 .
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maintained, but it is considerably decelerated, arriving 
there on the 26th day. Comparing the time profiles at 1, 5 
and 10 AU, note that the shocks are much more impulsive in 
character at 1 AU than at 5 or 10 AU.

We now compare some of our results with spacecraft 
observations. Burlaga et al. (1983) have published a set 
of space probe observations; a part of their Figure 2 is 
reproduced here as Figure 5.14. The upper panel shows 
hourly averages of the solar wind speed versus time 
observed by Voyager 1, which was located between 7.5 and
8.5 AU during the observation period. The lower panel shows 
the solar wind observation by Helios 1 which was located 
between + 0.5 AU during the observation time. The data 
are plotted by taking into account a time delay due to 
finite transit time, and assuming corotation. These results 

may be compared with Figures 5.13a and b. The Helios 1 
observations have some similarity with our velocity-time 
profiles at R = 1.0 AU, while the Voyager 1 observations 
are similar to those at R = 10 AU. A detailed comparison 
requires a proper choice of the six parameters for the 
successive flares, as well as of the basic flow pattern, to 

simulate closely the actual situation at that time. 
Nevertheless, the similarity between observed and simulated 
solar wind parameters assures us that the HA method can be 
applicable for a wide range of both distance and time span.

I
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Figure 5.14. Solar wind speed observations by Voyager 1 
at a radial distance of 7.5 ~ 8.5 AU and by Helios 1 at a 
radial distance of 0.5 AU (yith a time delay assuming a 
constant speed of 500 km s ).
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Once all the parameters can reasonably well be determined, 
the kinematic method is ready to deal with a fairly 
realistic situation, as in the following section. The 
results of this section may be able to serve as a useful 
guide in interpreting the complex disturbance pattern of 
the solar wind. This is particularly the case because it 
will be some time before the MHD method can deal with such 
a complicated situation.

In this connection, the coalesced shock structure 
appears to be responsible for a large decrease of cosmic 
ray intensity in the outer heliosphere (McDonald et al., 
1981). Thus it is of great interest to examine effects of 
cosmic ray propagation on the basis of the kinematic 

method.

g. Remarks
We used the simple, empirical, kinematic method 

(Hakamada and Akasofu, 1982) to provide a first order 
construction, temporal and spatial, of flare - induced shocks 
and their multiple interactions with each other, as well as 
with the corotating interaction regions.

One of the next tasks is to determine the values of 
the six parameters for observed flares. There is no 
problem in determining both the longitude and latitude of 
the flare location. However, there is no solar observation
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to provide directly at the present time, although Type 

IV radio bursts or observations of coronal transients may 

eventually be calibrated to give V_. For deep space prober
observations, however, the transit time of the shock wave 

between the sun and the earth or/and between the earth and 

a space probe (or between two space probes) may give some 

idea for V . The work presented here suggests that the 

ranges of t  and c lie statistically between 6 and 12 hr and 

between 30° and 60°, respectively. However, there is no 

solar observation to give both values for individual 

flares, except that t  should be significantly longer than 

the duration of optical flares (which last typically for a

few hours at most). A set of simultaneous deep space probe

observations will be useful in determining a fairly

accurately. In the following section, we attempt to 

simulate closely observed data sets and learn how to 

determine the flare parameters.

5.3 Simulation of two major event periods
The months of June and July, 1982 and of April and

May, 1978 were two of the sun's most active periods during
the present solar cycle. There were at least three active
regions on the solar disk during the first period. One 
region produced a large number of flares, causing major
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disturbances in the heliosphere. For the first event 
period, several shock waves and/or cosmic ray decreases 
were observed by deep space probes, Pioneer 12 (Venus 
orbiter) at about 0.7 AU, Pioneer 11 at about 12 AU and 
Pioneer 10 at about 28 AU, as well as by the ISEE-3 at the 
sun-earth libration point. A large decrease of cosmic ray 
intensity was observed at Pioneer 11 and 10 during this 
period (Fillius and Axford, 1984). Several major 
geomagnetic storms and two large Forbush decreases were 
also recorded at the earth during the same period. For the 
second event period, a significant disturbance in the outer 
heliosphere was observed by Pioneer 11 at about 7 AU and 
Pioneer 10 at about 16 AU. This disturbance was 
characterized by propagating shock waves and a large cosmic 

ray decrease, as well as two major geomagnetic 
disturbances, beginning on April 10 and 30, respectively. 
(Van Allen, 1979; McDonald et al., 1981; Intriligator and 
Miller, 1982; Burlaga et al., 1984).

In this section we attempt to simulate qualitatively 

the disturbances in the heliosphere during these two active 

periods using the kinematic method. Other dynamic, 

thermodynamic, and magnetic properties (other than first- 

order IMF distortion) are not simulated and can only be 

found from the MHD solutions.

Such a first order effort will be of some use in
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interpreting solar wind and cosmic ray observations by 
space probes. The analysis presented here is summarized in 
Akasofu et al. (1985).

a. Event of June - August, 1982
Figure 5.15 shows the Ha synoptic charts for 

Carrington Rotations 1722, 1723 and 1724 (Solar-Geophysical 
Data, no. 455, 456, 457 and 458). The three active regions 
are labeled as A, B and C. These regions were relatively 
short lived. Region A disintegrated after Carrington 
Rotation 1722, so that it is not seen in Carrington 
Rotation 1723. Region B weakened during Carrington 
Rotation 1724 and Region C became the most active region. 
The Ha filtergram profiles around the central meridian 
passage of the three regions A, B and C are shown in 
Figures 16a (June 8), 16b (June 21) and 16c (June 18), 
respectively. Table 5.1 lists some of the major flares 
produced by the three regions and the storm sudden 
commencements (ssc's) which were inferred to be associated 

with the flares.
Among the flares, we have chosen those which could, 

with reasonable confidence, be associated with an 
identifiable interplanetary shock wave at ISEE-3 and a ssc 
at the earth. The chosen flares are numbered, 1, 2, 3...7 
as listed in Table 5.1. Some of the flares are not
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Figure 5.15. Hydrogen-Alpha synoptic charts for 
Carrington Rotations 1722, 1723 and 1724 from Solar- 
Geophysical Data, no. 455, 456, 457 and 458. The three 
active regions, A, B and C are indicated.
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June 8 ,  1982

(a)

Figure 5.16a. Hydrogen-Alpha filtergram profile near 
central meridian passage time of Region A (Solar- 
Geophysical Data, no. 455, 456, 457, 458).
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( b )  June 2 1 ,  1982 ( c )  June 1 5 ,  1982

Figure 5.16b and c. Hydrogen-Alpha filtergram profile near 
central meridian passage time of (b) Region B and (c)
Region C (Solar-Geophysical Data, no. 455, 456, 457, 458).

IY>



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

T ab le  5 .1

Solar radio
(Peak)

UT
Flare
Imp

8000 MHz 
( x 10*22 
W/m2 llz) Loca tlon CUP

acClve
region ssc

i June 3 1141 2D 6000 S12 E72 8.89 A June 6 0244

June 5 0655 3B 1742 SI2 F.43 8.53 A
0729 3B 1321 SOS E46 8.76 A

2 June 6 1630 3B 3500 SO9 E25 8.57 A June 9 0040

June 7 0826 3B 579 S10 E13 8.33 A

3 June 10 0059 2B 1174 310 W22 8.39 A June 12 1443

4a (June 16) (0000) __ (S10)(L152) (8.39) (A)

June 20 0151 211 3539 N14 017 18.79

June 23 0628 3B 59 N17 U30 20.99 D

4b (July 1) (0000) __ ___ (N15) (L132) (20.99) (B) (July 5)

5 July 9 0730 33 5700 M16 E77 15.16 c July 11 0953

6 July 12 0910 3B 6200 H12 E39 15.32 c July 13 1617

7 July 14 1313 2D 50 N12 321 16.16 c July 16 1519

Intense geomagnetic 
storm and Forbush 
decrease
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numbered, because it was not possible to identify the 
resulting ssc's for them. For these flares it is not 
possible to simulate the associated event, since we cannot 
infer the flow speed from the transit time. However, the 
'flares' no. 4a and 4b are not observed ones and will be 
discussed later. Figure 5.17 shows the longitude of the 
flare,and locations of Venus (Pioneer 12), Earth, Pioneer 
10 and 11 at the time of the eight flares. Note the 
logarithmic radial distance scale in this particular 
figure. Our heliographic longitude is fixed in a 
heliospheric inertial frame. This frame is aligned with 
the commonly used heliocentric equatorial system, HEQ. See
Chapter 2, Section 2. Our heliographic longitude = 0° line
(the x-axis) is rotated by an angle a with respect to the 
HEQ x-axis. We choose our heliographic longitude to 
coincide with Carrington longitude at the simulation start 
time, T_ = 0. Of course, as the simulation time 
progresses, the sun rotates and carries the Carrington 
coordinate system along, while our heliographic coordinates 
are fixed in space. As a point of reference, for the 1978 
simulation, our heliographic longitude = 0° line lies at 
HEQ longitude = 101°, or heliocentric ecliptic, HEC, 
longitude = 176°, HEC latitude = 7.1°. In the 1982 
simulation our 0° line lies at HEQ longitude = 162°, and 
HEC longitude = 238°, HEC latitude = 2.2°.
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Figure 5.17. Satellite situation charts at the time of 
the 8 flares. The locations of the flare, Venus (Pioneer 
12), Earth, Pioneers 10, and 11 are shown at 00 UT on each 
flare date. Note that in this figure, the radial distance 
is given on a logarithmic scale in astronomical units (AU) 
(A. Barnes, private communication). tv>
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This first period is unique because spacecraft 

observations allow us to monitor disturbances over a wide 

range of longitude and distance. Figure 5.18 shows, from 

the top, the solar wind speed observed at Pioneer 10, 11 
and 12 (A. Barnes, private communication) and the magnetic 

field magnitude observed at ISEE-3 (E. J. Smith, private 

communication). One of the most remarkable features in 

Figure 5.18 is the two shock waves observed at Pioneer 10 
on July 30 and at Pioneer 11 on August 3, respectively. 

Figure 5.19 shows the energetic particle data at Pioneer 10 
and 11 and the neutron monitor record at Deep River for the 

period between 1980 and 1983 (Fillius and Axford, 1984). 
Note in particular the decreases of the energetic particle 

fluxes at Pioneer 10 and Pioneer 11 in July and August,

1982 and the two large Forbush decreases at the earth in 

July. Recent new observations by deep space probes have 

also revealed that shock waves generated by successive 

solar events propagate well into the outer heliosphere. 

These events can cause considerable disturbances of the 

solar wind and of the interplanetary magnetic field 

structure, resulting in reduction of the intensity of 

galactic cosmic rays (Van Allen, 1976; McDonald et al., 

1981; Smith, 1982; Burlaga, 1982; Burlaga et a l . 1984).
This figure will be discussed in detail after describing 

our simulation results.
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JUNE JU LY

1 9 8 2
AUG.

Figure 5.18. Solar speed observed at Pioneer 10, 11 and 
12 and the magnetic field magnitude observed at ISEE-3 for 
the period 20 June to 20 August, 1982 (E. J. Smith, private 
communication).
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and W. I. Axford, 1984).
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It is of great interest to study how the shock waves 

generated by the flare activity disturbed the heliosphere 

at two widely separated points, as well as at the earth. 

During the last several years, considerable progress has 

been made in understanding the propagation of solar wind 

disturbances in the heliosphere. The exploration of the 

outer heliosphere by deep space probes has added much new 

information on the general conditions of the solar wind and 

the magnetic field. In particular, the propagation of 

solar wind disturbances in the heliosphere has recently 

been studied extensively, both theoretically and 

observationally (cf. Dryer, 1974, 1975, 1984; Dryer and 

Steinolfson, 1976; Smith et al ., 1977; Dryer et al ., 1976, 
1984; Intriligator, 1977; Smith and Wolfe, 1979; Wu, 1980; 
Wu et al., 1977, 1979, 1983; Han et a l ., 1984; Gislason et 

al., 1984).
The theoretical studies of the propagation of flare

generated shock waves are based on hydrodynamic or MHD 

methods which require considerable computation. To 

simulate such complicated features in the outer heliosphere 

requires simultaneous solution of the MHD equations by 

finite-differencing techniques. At the present time, 

however, it is difficult to simulate by the MHD method an 

extensive event associated with a large number of 

successive flares, superimposed on the corotating

25-̂
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interplanetary regions (CIR). It is for this reason that 
Hakamada and Akasofu (1982) devised the simple kinematic 
method in simulating some aspects of the disturbed solar 
wind.

During the course of this study, we have found that it 
is difficult to explain some of the major outer heliosphere 
events at Pioneer 12 on July 2 and at Pioneer 10 on July 30 
only on the basis of observed flares. Therefore we infer 
that there must have been intense flares behind the solar 
disk at Region A on about June 20 and at Region B on about 
July 1. There is no reason why active regions have to 
produce flares only when they are facing toward the earth. 
Further, there was no other major active region in the 
direction of Pioneer 12 and Pioneer 10 to cause 
heliospheric disturbances during this particular period.

By including such hypothetical flares (no. 4a and 4b in 
Table 5.2), we attempt to explain the solar wind 
observations at Pioneers 10, and 12 and IMF observations at 

ISEE-3. .

Basic flow pattern
We simulate first the basic flow pattern into which 

the disturbances generated by the seven flares are 
introduced. It is assumed that the neutral line on the 2.5 
solar radii source surface determined by Hoeksema et al.
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(1983) for Carrington rotation 1722 (May 19-June 14) can be 
approximated by a two-stream (or so-called 'two - sector') 
situation. We also assume that the heliomagnetic equator 
remained the same during Carrington rotations 1723 and 1724 
(June 15-July 11 and July 12-August 8). This is a 
reasonable assumption on the basis of inspection of the 
neutral line for the rotations 1722, 1723 and 1724. This 
situation is equivalent to assuming that the solar "dipole 
axis" is inclined with respect to the rotation axis by 
angle X/ which is taken to be 20° in this particular 
period. The solar wind velocity is assumed to increase 
towards higher magnetic latitude, X , as usual. Refer back 
to Figure 5.1.

We shall see how such a basic IMF pattern was 
disturbed by a series of solar flare-generated shock waves 
which took place in June and July 1982. We construct also 
the velocity (V) - time (t) pattern at Pioneer 10, 11 and 
12 and compare it with the observations.

Solar wind disturbances induced by flares 1, 2, 3, 5, 6

and 7
We found it necessary to add a seventh flare parameter 

to the six discussed in section 5.2. A deceleration 
parameter, a, was adjusted for each flare to provide a good 
agreement between the simulation results and observations
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(Hakamada and Akasofu, 1982). As an example of the flare
parameters used, the middle panel in Figure 5.1 shows the
solar wind speed distribution generated by flare no. 1, 
where now T„ = 376.7 hr. This flare is characterized by <J>r
= 302.4°, 0 = -12°, V n = 820 km s'1 , and c = 80° at the,  ,  p

maximum epoch. The time variations of the maximum speed 
for the-first flare (t = 5 hrs.) are shown at the bottom 
panel of Figure 5.1; note that the speed reaches the 
maximum value (820 km s 1 ) five hours after flare onset.

Table 5.2 gives the seven parameters chosen for flares 
1, 2, 3, 5, 6 and 7, as well as for the hypothetical flares 
4a and 4b (which will be discussed below). The time for 
simulation study is reckoned from 1900 UT, May 18, the 
zero-th day of Carrington Rotation 1722. For each flare, 
the onset time T„, the longitude <J> and latitude 0 canE

directly be determined from the observations. The speed 
V F , the deceleration parameter a, as well as t  and a, must 
be determined on a trial and error basis in such a way that 
the arrival time of each shock wave at the earth and 
Pioneer 10 and 11 agrees approximately with the 
observations. Obviously, the choice of the parameters is 
not unique. In our method, there is no way, at the present 
time, to determine V„, t , a and a  (or any otherr
combinations of different sets of parameters which 
characterize a flare) uniquely. Any modeling effort of
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T ab le  5 .2

Month Day *Tp(hr) Longl tuile
(In heliographic

I.a tl tudc 
coordinate) VF T o a

Flare 1 6 3 376.7 302.4 -12.0 820 5.0 80° 240

Flare 2 6 6 453.5 152.2 - 9.0 560 5.0 50° 240

Flare 3 6 10 534 .0 43.1 -10.0 520 5.0 30° 240

Flare A a 6 20 773.0 182.4 -10.0 1700 10.0 15° 1000

Flare 4b 7 I 1049.0 173.0 15.0 600 5.0 70° 1000

Flare 5 7 9 1236.5 330.9 16.0 1520 10.0 80’ 240

Flare 6 7 12 1310.2 12.8 12.0 2120 10.0 80° 240

Flare 7 7 14 1362.2 32.4 12.0 580 10.0 00° 240

*TF “ 0 corresponds to the beginning time of Carrington rotation 1722.

00
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this kind would suffer from a similar non-unique problem 
with different degrees. One of the difficulties is that 
many flares occur far from the central meridian and thus 
only the skirt of the shock wave reaches the earth. The 
shock speed may depend greatly on the angle between the 
solar center-flare line and the direction of propagation, 
and this dependence may be different for different flares. 
Figure 5.20 shows the total (quiet plus flare-generated) 
solar wind speed distribution at the maximum epoch of each 

of the eight flares, including that for flares no. 4a and 
4b.

Figures 21a-f show the solar wind disturbances caused 
in the inner heliosphere (< 2 AU) by the flares 1, 2, 3, 5,
6 and 7 at the time of the arrival of the shock wave (at 
the time of the ssc for each flare) at the earth, which is 
indicated by the * mark. None of the six flares occurred 
near the central meridian of the solar disk, so that only 
the skirt of each shock passed the earth. The shock waves 
must often extend well beyond +45° in longitude from the 
flare longitude in order to explain the shock arrival at 
the earth (cf. Akasofu and Yoshida, 1967; Chao and Lepping, 

1974; Dryer, 1974).
Figures 22a and 22b show the solar wind in the outer 

heliosphere disturbed by the six flares; 1, 2, 3, 5, 6 and
7 at T = 1752 hr (73.0 days, July 30) and T = 1848 hr (77.0
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20JUNE1982

9 0 .0  1 8 0 .0  2 7 0 .0

HELIOGRAPHIC LONGITUDE
3 5 0 .0

Figure 5.20a. Solar wind speed distribution at maximum 
epoch for the first four flares in Table 2.
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Figure 5.20b. Solar wind speed distribution at maximum 
epoch for the second four flares in Table 2.
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* E A R T H

Figure 5.21. Equatorial plane projections of solar wind 
disturbances in the inner heliosphere (to 2 AU) caused by 
the six flares 1, 2, 3, 5, 6, 7 at the time of shock 
arrival at the earth. Frames (a) - (f) correspond to the 
arrival times of the seven shocks, respectively.
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EQUATORIAL PLANE

Figure 5.22. Equatorial plane projections of solar wind 
disturbances in the outer heliosphere (to 30 AU) caused by 
the six flares 1, 2, 3, 5, 6, 7 at (a) T = 1752 hr (73.0 
days, July 30), and (b) T = 1848 hr (77.0 days, August 3), 
respectively. The location of Pioneer 10 (~28 AU) in (a) 
and Pioneer 11 (~12 AU) in (b) are indicated by the * mark.
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days, August 3), respectively (Figure 5.18). The location 
of Pioneer 10 ( ~ 28 AU) and Pioneer 11 ( ~ 12 AU) are 
indicated by the * mark. These dates correspond to the 
dates of the observation of the shock wave at Pioneer 10 
and Pioneer 11, respectively; see Figure 5.18. One can see 
the passage of a 'coalesced' shock at the location of 
Pioneer 11 at T = 1848 hr (77.0 days, August 3). However, 
it is not possible to explain the Pioneer 10 observation at 
T = 1752 hr (73.0 days, July 30) on the basis of the 
observed six flares, 1, 2, 3, 5, 6 and 7. Region C caused 
a few other flares after July 14 on the western half of the 
solar disk. In order for them to be responsible for the 

solar wind and energetic particle observations at Pioneer 
10, unreasonably high flow speeds are required, since the 
shock waves would have traveled about 28 AU in less than 20 
days.

'Flares 4a and 4b'
A likely way to overcome this difficulty of 

heliospheric events without observed sources is to assume 
that there occurred two intense flares behind the visible 
disk of the sun on about June 20 and July 1, respectively. 

One of the reasons for suspecting this is that the first 
active region, region A, went behind the western limb on 
June 14, and the second active region, region B went behind
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the western limb of the sun on June 27. From Figure 5.15, 
it is difficult to identify any other active regions as the 
source(s) of the intense shock waves observed at Pioneer 12 
and Pioneer 10. Both Regions A and B were quite active 
near the western limb.

This simulation study is complicated by the fact that 
no major increase of the solar wind was observed on June 21 
or 22 at Pioneer 12, which was located only 40° in 
longitude from Pioneer 10. It appears that the shock wave 
from Region A must have occurred on or before June 20 and 
must have been narrowly confined in longitude. We assume 
that a hypothetical flare, designed as flare no. 4a, 
occurred on June 16, although such as assumption is a very 

tentative one.
There was also a large increase in the solar wind 

speed at Pioneer 12, from 469 km s  ̂ on July 1 to 
628 km s ’’*' on July 2. Since the only active region facing 
Pioneer 12 was Region B, we infer that there occurred a 
fairly intense flare on July 1, which we designate as flare 
no. 4b. Another supporting piece of evidence for this 

hypothetical flare is the IMF disturbances observed by 
ISEE-3 on July 5-6 (see Figure 5.18). No significant solar 
activity was observed between July 1 and July 5, so it is 
possible that this particular disturbance was caused by the 
hypothetical flare no. 4b. In that case, the skirt of the
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simulated shock wave must have passed by the earth on July 
5. This situation is illustrated in Figures 23a and 23b in 
which the location of the shock wave at T = 1133 hr (47.2 
days, July 5) is shown. Unfortunately, it is not possible 
to identify this particular flare as the cause of the event 
at Pioneer 10 on July 30, since an exceedingly high speed 
flow and resulting shock wave are required.

Figures 24a-d show the heliospheric disturbances in 
the ecliptic plane at T = 1437 hr (59.9 days, July 17),
1651 hr (68.8 day, July 26), 1752 hr (73.0 days, July 30) 
and 1848 hr (77.0 days, August 3) by including the 
hypothetical flares 4a and 4b. Thus, what appears to be a 
single major heliospheric event in Figures 18 and 19 may 
have resulted from a number of flares, including some 
behind the disk. We now attempt to substantiate this claim 

a little more quantitatively.

The velocity (V) - time (t) relationship
Figure 5.25 shows the V-t relationship at the location 

of Pioneer 10, 11 and 12, respectively as well as at the 

location of the earth. They may be compared with the 

corresponding data in Figure 5.18. The V-t curves at 

Pioneer 10, 11 and 12 have fair resemblance to the observed 

ones, as far as the two shock waves are concerned.

However, much of the corotating structures seem to
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30 AU
JULY 17 1437 HR 30 AU JULY 26 1851 HR 

.8 DAY

180

130

AUG 3 
1848 HR 77.0 DAY

PIONEER 10
27C

PIONEER 10 
PIONEER 11

EQUATORIAL PLANE

PIONEER 11

Figure 5.24. Equatorial plane solar wind disturbances at 
(a) T = 1437 hr (59.9 days, July 17), (b) 1651 hr (68.8
days, July 26), (c) 1752 hr (73.0 days, July 30) and 
(d) 1848 hr (77.0 days, August 3) with flares 4a and 4b 
included.
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SOLAR WIND VELOCITY SIMULATION

JUNE JULY AUG.

1 9 8 2

Figure 5.25. Simulated solar wind bulk speed at Pioneer
10, 11 and 12 and IMF magnitude at ISEE-3 for the period 20 ro
June to 20 August, 1982. ^
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degenerate at the location of Pioneer 10 (28 A U ) , since 

they are not very evident in Figure 5.18. On the other 

hand, some of the structures can be seen clearly at the 

location of Pioneer 11 (13 A U ) . It may be that many fine 

structure features at Pioneer 12 are difficult to explain 
without including less intense solar activities. Note that 

it is also possible to identify tentatively some of the 

magnetic field magnitude peaks observed at ISEE-3 with the 

computed peaks.

b. Event of April - June, 1978
McMath region 15266 caused a profound disturbance in 

the outer heliosphere, and this subject has already been 
the source of several papers during the last several years. 
In particular, a flare of importance 3B at 1304 UT on April 
28, 1978 was considered to be responsible for the intense 
shock wave and the large decrease of cosmic-ray intensity 
observed at Pioneer 11 at ~7 AU on May 11 and Pioneer 10 at 
~16 on June 5 (Pyle et al., 1979; Van Allen, 1979; McDonald 
et al., 1981; Intriligator and Miller, 1982; Burlaga et 
al., 1984). Other intense shock waves were observed at 
Pioneer 10 on May 27 and at Pioneer 11 on May 8. Actually, 
region 15266 had been quite active from its first 
appearance near the eastern limb, and caused a number of 
flares during the period when it was facing the earth
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(Dodson and Hedeman, 1981). There was at least one other 

active region, region 15221, which caused several flares 

during the first week of April.

Therefore, in order to study the major heliospheric 
disturbances in April and June 1978, it is important to 
examine how the shock wave generated by each flare 
propagated in the heliosphere and then how all the shock 
waves contributed to the overall disturbances. The intense 
Forbush decrease which began on April 30 showed a three- 
stage decrease; the main phase of the geomagnetic storm 
which began on April 30 continued to deepened until May 4. 
Both phenomena indicate that effects of the successive 
flares accumulated.

In this section we have chosen six intense flares of 
importance greater than 2 in April and May, 1978 and 
tentatively identified the corresponding ssc's (refer to 
Table 5.3). Such identifiable ssc's provide important 
evidence for the generation of interplanetary shock waves.

Pyle et al. (1979) noted that the shock waves observed 
at Pioneer 10 on May 27 and at Pioneer 11 on May 8 cannot 
be explained without invoking an intense flare on the 
backside of the solar disk on about April 15. Intriligator 
and Miller (1982) inferred that this particular flare 
occurred in region 15266. There was no highly active region 
within +90° centered around region 15266, so that this
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Figure 5.26. Satellite situation charts at the time of 
the 7 flares. The locations of the flare, Earth, Pioneers 
10 and 11 are shown at 00 UT on each flare date. Note that 
the radical distance is given on a logarithmic scale in 
astronomical units (AU).
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choice seems to be reasonable. However, this particular 
region was at about 75° in heliographic (or Carrington) 
longitude, while the earth was at about 285°, so that in 
their Figure 1, i should be 27°, instead of 60°. This 
particular flare is designated as flare no. 3 in Table 5.3. 
The space probe observations appear to be explained better 
by supposing that the responsible flare occurred on April 
17, instead of April 15. After the completion of this case 
study, we have learned that the Planetary Radio Astronomy 
Experiment onboard the Voyager-1 and -2 spacecraft observed 
a very important kilometric radio Type II event on April 
17, 1978. Both spacecraft were behind the solar disk at 
that time (Leblanc, private communication, 1984). Figure 
5.26 shows the location of seven flares and of Pioneers 10 
and 11. Refer also to Table 5.3. A logarithmic radial 

distance scale is used as in Figure 5.17.
The basic solar wind flow pattern in April - June, 

1978, was different from that in June - August, 1982. The 
"four-sector" structure prevailed in the April - June, 1978 
period (Hoeksema et al., 1983), while the "two-sector" 
structure dominated in the June - August, 1982 period. In 
our method, the "four - sector" structure is simulated by 
assuming that the heliospheric magnetic equator is given by 
X sin (2<J> + 4>q ) as discussed in Chapters 2 and 4. Four 
high speed streams and four "spiral arms" result from such
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T ab le  5 .3

McMa th 

Plage

□a te Flare Location Munbet loportance 33C

1 April 3, 1973 0109 Ml 9 «11 15221 23 April 10 1306 UT
2 April 11,, 1978 1334 N22 «56 15221 23 April 13 1925

3 April 17 1200 (unobaerv) 15265

4 April 23 1304 M2 2 E33 15266 3B April '30 1925

5 April 29 2010 N20 314 15266 23 May I 0323

6 April 30 1420 N'23 314 152166 33 May 1 1335

7 May 1 1510 M21 W12 15266 23 May 2 2313

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



275

a situation, instead of two high speed streams and two 
"spiral arms" as in the "two-sector" situation. In this 
section, x is again taken to be 20°.

The seven flares are introduced into the simulated 
'four - sector' situation. Table 5.4 gives the seven 
parameters for each flare. The deceleration parameter, a ,  

is taken to be 1000 for all the flares except for flare no. 
4 flare ( a  = 2000). The flare parameters must be 
determined on a trial and error basis, and in particular 
the April 28 flare (no. 4) had a very large a value 
190°). Such a large value of a is needed, if this 
particular flare was responsible for the shock wave 
observed at both Pioneer 11 on May 11 and Pioneer 10 on 

June 4.
Figure 5.27 shows the geometry of the six shock waves 

generated by flares nos. 1, 2, 4, 5, 6, and 7, 
respectively, and their relationship to the four-sector 
structure at the time when they reached the earth (causing 
ssc's). Since flare no. 3 occurred almost on the opposite 
side of the sun with respect to the earth, it is difficult 
to identify the associated ssc. Intriligator and Miller 
(1982) suggested that an ssc on April 17 was caused by 
flare no. 3. However, such an identification should be 
considered only very tentative. There was some indication 
that weak recurrent geomagnetic storms occurred
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Tab le  5 .4

Data FLR(T) Longitude Latitude V - a T ,

1 April 3 0.0 32.7 19.0 450.0 10.0 30.0 1000.0

2 April 11 84.4 80.7 22.0 800.0 10.0 60.0 1000.0

3 April 13 (225.3 210.6 22.0) 400.0 10.0 95.0 1000.0

4 April 23 491.9 3.3 22.0 530.0 20.0 190.0 1000.0

5 April 29 523.0 28.3 20.0 900.0 10.0 60.0 1000.0

6 April 30 541.2 29.2 23.0 1300.0 10.0 60.0 1000.0

7 May 1 570.0 55.2 ■21.0 1100.0 10.0 90.0 1000.0
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Figure 5.27. Equatorial plane projections of solar wind 
disturbance in the inner heliosphere (to 2 AU) caused by 
the six flares, 1, 2, 4, 5, 6, 7 at the time of shock ^
arrival at the earth. -<i
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successively about 27 days apart during this period, 
beginning on January 18, and then February 25, March 22 and 
Ap r i1 17.

One of the interesting features in Figure 5.27 is that 
the inner heliosphere was almost completely surrounded by 
the "coalesced" shock waves, namely the four spiral arms 
and the shock wave generated by flare no. 4 (April 28).
This could be an important cause for the major Forbush 
decrease. Such a unique situation was caused partially by 
a large value of a for flare no. 4.

Figure 5.28 shows "snapshots" out to 20 AU of the 
propagating heliospheric disturbances on May 8, 11, 27 and 
June 5. These times were chosen on the basis of Table 1 in 
Intriligator and Miller (1982). It should be recalled that 
shock waves were observed at Pioneers 10 on May 27 and June 
5, and at Pioneer 11 on May 8 and 11. In this simulation 
study, it is assumed that there was no flare activity after 
May 1. As a result, the four-sector pattern began to 
develop in the inner heliosphere after May 1. Actually, 
there were two other intense flares (May 11 and May 31) 
which disturbed the inner heliosphere. At any rate, the 
present simulation may serve in illustrating how a quiet 
condition might reappear after the end of intense solar 
activity.

Figure 5.29 compares the observed velocity profiles at
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Figure 5.28. Equatorial plane projections of solar wind 
disturbance in the outer heliosphere on May 8, 11, 27 and 
June 5. The locations of Pioneers 10 and 11 are indicated.
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Figure 5.29. Observed and simulated solar wind bulk 
speed at Pioneers 10 and 11. The observed speed is taken 
from Intriligator and Miller (1982).
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Pioneers 10 and 11 with the computed ones. The observed 
velocity profiles are taken from Intriligator and Miller 
(1982). The major features of the velocity variations are 
fairly well reproduced at both Pioneers 10 and 11, 
indicating that our simulation may be a fair representation 
of the actual conditions to a distance of about 7-10 AU. 
However, the shock wave generated by the April 28 flare 

appeared to degenerate considerably at the distance of 
Pioneer 10 (16 AU). Thus, the shock structure which passed 
Pioneer 10 on June 5-13 could not be reproduced, although 
the decay feature (after June 13) may have some 
resemblance to the simulation results.

c. Discussion
The kinematic method provides an idea of the geometry 

of the heliospheric disturbances in June - August, 1982 and 
April - June, 1978. It is possible that the heliosphere 
was much more disturbed by other unseen major flares and 

weaker flares which are not included in this study. For 
the June - August, 1982 event, the simulated velocity-time 
profile at both Pioneers 10 and 11 has a fair resemblance 
to the observed ones, suggesting that the major 
disturbances are simulated with fair accuracy. For the 
April - June, 1978 event, the rough agreement between the 
observed and simulated velocity variations at Pioneer 11
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suggests that the simulated heliospheric disturbance 

patterns in the outer heliosphere to a distance of about 10 

AU are a fair first approximation. However, the shock 

appeared to degenerate considerably by the time it reached 

Pioneer 10 (16 AU), so that our simulation results are 

likely to be much less accurate at distances greater than 

15 AU. Again, unseen (and not simulated) flares may affect 

the results.

The two solar event periods produced profound effects 

in the cosmic ray intensity observed at Pioneers 10 and 11, 

as well as at the earth (Figure 5.19). The cosmic ray 

variations during the April - June, 1978 event was 
described in detail by Van Allen (1979) and McDonald et al. 

(1981). Extending the impulse response function analysis 

by Bowe and Hutton (1982), Akasofu et al. (1984) have 

recently shown that a high (monthly) occurrence of major 

flares maintains some identity, in terms of its effect on 

cosmic-ray intensity, for as long as 17 months. One could 

imagine that the disturbed IMF structure (which has some 

resemblance to what we have simulated here) is propagated 

outward in the outer heliosphere for more than one year.

5.4 Current sheet distortion due to solar flares.
In Chapter 4, we determined the shape of the current
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sheet for simplified magnetic neutral lines and some 
observed magnetic neutral lines by taking into account the 
stream-stream interaction. These results were summarized 
by Fry et al. (1985). In Figure 4.1 from the last chapter, 
one can see how the dipole-case current sheet (to a 
distance of 2 AU) rotates with the sun, when it is viewed 
from a fixed point in the ecliptic plane. Note that the 
earth's orbit is seen as a straight line; further, the 
portion of the orbit above the sheet is indicated by a 
solid line, while the portion of the orbit below the sheet 
is indicated by a dashed line. In this simple situation, 

one half of the orbit is located above the sheet, while the 
other half is located below the sheet. The earth moves 
about 1° per day along its orbit and is nearly at a fixed

point on the line in this figure. The current sheet
approaches and passes the earth from below once, and from 
above once, in one solar rotation. The passage of the
sheet is immediately followed by a high speed stream from
coronal holes.

a. Background
Figure 5.30 shows a typical example of the 

observations described above. In this period (July 17 - 
August 12, 1984), the north polar region of the sun had a 
positive (away) polarity. Therefore, the fact that the IMF
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Figure 5.30. Example of the 27-day variations of the 
solar wind speed (V), the IMF magnitude (B), the IMF 
angles (theta and phi) and the two geomagnetic indices AE 
and Dst. There were two high speed streams during this 
period.
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<p angle was ~ 315° from July 17 to 22 indicates that the 
earth was below the sheet and thus embedded in the solar 
wind from the southern polar coronal hole (toward field) 
during that time. The current sheet moved downward and 
passed the location of the earth on July 22. The earth was 
thus located above the current sheet ( ~ 135°) and 
embedded in the solar wind from the northern polar coronal 
hole until August 2, when the current sheet passed the 
location of the earth again. The solar wind speed (V) 
increased soon after the two passages of the current sheet 
on each occasion. Note also an impulsive increase in the 

IMF magnitude (B).
Wilcox and Ness (1965) found that the passage of what

they called a 'sector boundary' is often followed by
geomagnetic activity. It is this sector boundary which is
now identified as the heliospheric current sheet. In
Figure 5.30, there was a modest increase of geomagnetic
activity after each passage, as indicated by the two
geomagnetic indices, AE and Dst. Further, the geomagnetic
activity after the passage of the current sheet often has a
27-day recurrent tendency. This is because the heliospheric
current sheet is a fairly stable feature for a number of
solar rotations, particularly during the declining phase of
the sunspot cycle. Hakamada and Akasofu (1982) showed that

2recurrent storms arise from the fact that the product VB
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increases after the passage of the heliospheric current 
sheet, namely in the high speed stream. Also, the IMF 
latitudinal angle 0 (theta) may be highly variable. As a 

result, the power

e = (VB2sin4 (0/2)ro2 )

of the solar wind-magnetosphere dynamo tends to increase. 
Here 0 denotes approximately the polar angle, 0, of the IMF 
vector and i is a constant (~7R_). This power inputO c*
expressed by e is the major cause of recurrent storms which 
consist of a large number of successive moderate intensity 
substorms. We discuss causes of © variations in the next 

chapte r .
Smith (1979) and Akasofu (1981) found that the IMF 

angle <j> (phi) often changes sharply from 135° to 315° or 
from 315° to 135° during major geomagnetic storms. Their 
findings suggest that the heliospheric current sheet is 
pushed up or down in the vicinity of the earth by the 
disturbed solar wind. This is in addition to the 
'periodic' passages resulting from the solar rotation (as 
illustrated in Figure 5.30). Akasofu (1981) examined this 

phenomenon in detail and found that solar activity 
sometimes advances, and at other times delays, the expected
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arrival (due to the 'periodic' passages) of the current 
sheet at the earth's location. The disturbed wind pushes 
the current sheet up or down faster than the high speed 
streams from coronal holes. Often, solar activity also 
pushes the sheet up or down only temporarily, say for a few 
days.

Figure 5.31 shows an example of what we may call 
'flapping' of the current sheet which results from high 
solar activity. This figure covers the period 25 June to 
21 July, 1974. The first passage of the current sheet on 
June 26 is the 'periodic' one, because a similar change was 
observed several times before and after this particular 
passage during each solar (Bartels) rotation. The second 
passage was supposed to occur on ~ July 6. The previous 
passage was on June 9 and the following passage was on 
August 2. However, sharp changes of the IMF angle, 
either from 135° to 315° or from 315° to 135°, occurred 
several times during the first several days in July. There 
was at least one active region near the central meridian, 
causing several intense flares at 0300 UT (S15, E08) and 
0759 UT (S15, E08) on July 3 and 1320 UT (S16, W07) on July 
4. A few shock waves were also observed. These were most 
clearly seen as impulsive increases in the IMF magnitude,
B. The geomagnetic index, Dst, showed a three-stage 
increase. Each increase is shown as hatched in Figure
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Figure 5.31. Rapid changes of the IMF angles phi during 
the first week of July, 1974, instead of a single change 
from 135 to 315°. A three-stage storm occurred during the 
same period.
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5.31. The corresponding intervals in the solar wind speed, 
V, the IMF magnitude, B and the IMF angle, © (theta) are 
also hatched. The most intense storm developed when the 
IMF magnitude became greater than 30 nT (gammas).

In this section we study how the current sheet, 
discussed in Chapter 4, might be deformed by solar 
activity, resulting in the current sheet 'flapping'. The 
'kinematic' method, with flare effects included, is used to 

simulate this phenomenon.

b. Simulation

Specifically, we simulate the deformation of the 
current sheet, caused by high speed solar wind flow 
resulting from a solar flare. Akasofu et al. (1983) 

simulated heliospheric disturbances caused by six 
successive solar flares from the same active region, as 
discussed earlier in this chapter. Here, we examine the 
deformation of the current sheet caused by the first flare 
which is parameterized as follows:

Flare 1 T = 0 days, <j> = 0°, 0 =0°
VF = 800 km s’1 , T = 12 hours, a = 60°

The equatorial projection of the distorted IMF lines
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are shown in Figure 5.5a. One can see clearly the 
propagating shock wave caused by the flare.

Figure 5.32 shows the deformation of the sheet 

resulting from the flare. In this particular case, the 

current sheet is pushed upward at the longitude of the 

flare. Therefore, if the earth is located along this 

longitude and above the sheet prior to the flare, the 

current sheet moves upward and passes by the earth, causing 

a sharp change of the IMF <f> angle. The computed changes of 

the solar wind speed, V, the IMF magnitude, B and the IMF,

<f> angle are plotted in Figure 5.33

c. Discussion

Our simulation results show clearly that the 
heliospheric current sheet tends to flap as a result of 
solar activity. It may be of great interest to compare the 
simulated variations of the solar wind and IMF quantities 
(Figure 5.33) with the observed ones. In Figure 5.34, we 
show, from the top, the solar wind speed, V, the IMF 
magnitude, B and the IMF angles, © and 4> (theta and phi) 
during the period of the passage of a solar wind 

disturbance. This figure covers the period 2-4 February 
1969. There is fair similarity of the variations of the 
simulated and observed V, B and <f> (phi). This indicates 
that the observed variations of V, B and <f> (phi) could be
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Figure 5.32. Simulation of the deformation of the 
heliospheric current sheet, resulting from the propagation 
of a shock wave.
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Figure 5.33. Simulated variations of the solar wind 
speed V, the IMF magnitude B and the IMF angle phi for the 
shock in Figure 5.32.
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Figure 5.34. Example of the variation of the solar wind 
speed V, the IMF magnitude B and the IMF angle, phi.
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explained by the flapping motion of the current sheet 
caused by the shock waves generated by solar flares. In 
the next chapter we look at possible causes of the 
variations in 0 due to solar flares.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C H A P T E R  6

We now turn our attention to the north-south (B )z
component of the interplanetary magnetic field. The IMF B
component has been absent from the standard models of the
IMF (Parker, 1958; 1973). Neglect of the Bz component has
occurred because it has been regarded by solar (wind)
physicists as a minor and/or random fluctuation superposed
on the large scale field. However, large amplitude Alfven
waves and other discontinuity structures are known to
propagate in the large scale spiral field (Belcher et al.,
1969; Belcher and Davis, 1971; Barnes, 1979). The
associated changes of the B component are comparable toz
the changes in the other two IMF components. Thus, the Bz 
component can be neglected only when long-term average 
models are considered. Here we consider 'long-term' to 

mean periods of time longer than several days.
It has now been well established that the Bz component 

of the IMF plays a crucial role in the transfer of energy 

from the solar wind to the magnetosphere. More 
specifically, Bz is important in the power generation of 
the solar wind-magnetosphere dynamo (Fairfield and Cahill.. 

1966; Arnoldy, 1971; Meng et al., 1973; Russell and
295

6.1 Introduction
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z

Figure 6.1. IMF coordinate system showing relationship
between (Bx, By, Bz), (|b|,0,$) and 6 .
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McPherron, 1973; Baker et al., 1981; Meloni et al., 1982; 
Akasofu, 1981; Akasofu et al., 1984). Perrault and Akasofu 
(1978) found a measure of roughly the total power 
consumption in the magnetosphere in their epsilon function,

2 . 4.6 . 2e = V B  sin (-) i
2 °

whe re
V = solar wind bulk speed

B = IMF magnitude
9 = IMF polar angle projected on the y-z plane in GSM

coordinate frame.
i = scaling constant * 7 earth radii, o ^

Refer to Figure 6.1 for the relationship between 9, 

(Bx , By , Bz ) and (|B|,©,§).
Therefore, the neglect of the IMF Bz component is 

obviously very inadequate when studying the passage of 
major disturbances. During such transient changes, the B 
component has a large magnitude ( > 30 nT) and can be
substantially larger than or comparable to the other two
components, and By , for 6 - 2 4  hours. Furthermore,
major magnetospheric (geomagnetic) storms tend to develop 
when the Bz component is negative. Figures 6.2 and 6.3
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Figure 6.2. Example of IMF B and associated
geomagnetic storm.
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Figure 6.3. Second example of IMF Bz and associated
geomagnetic storm.
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show such samples. Therefore, causes of such large 
magnitudes of the B c o m p o n e n t  are crucial in understanding 
the solar activity - magnetospheric disturbance 
relationship.

Unfortunately, however, this important subject has
fallen in the gap between the two related disciplines,
solar (wind) physics and magnetospheric physics. Thus,
only a few papers have referred to this problem in the
past. Smith (1981) and Akasofu (1979) suggested that in
some cases a large positive or negative Bz magnitude arises
when an interplanetary shock wave disturbs the heliospheric
current sheet, causing outward propogating wavy structures.
The IMF vector has been considered to lie parallel to the
sheet in its vicinity, so that the wavy structure will be
associated with the Bz component. Hakamada and Akasofu
(1982) and Tsurutani et al. (1984) found such examples.
Klein and Burlaga (1982), and Burlaga and Klein (1982) have
suggested that the so-called 'magnetic clouds' are
responsible for some of the B changes, in particular whenz
B changes consist of a positive-negative or a negative- z
positive change. They suggested that the cloud has a 
cylindrical magnetic field configuration which consists of 
circular field lines around one of the spiral field lines. 
There is a certain fraction of spacecraft observations 
which could be interpreted as the passage of such clouds.

k
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However, there are a large number of events which cannot be

interpreted in such a way.
Pudovkin and Chertkov (1976) and Pudovkin et a l .

(1977, 1979) suggested that the B component is an
extension of the photospheric field. If the photospheric
field has a northward component in the flare region, the Bz

component (in interplanetary space) has the northward
component. On the other hand, if the photosphere field has

a southern component, the B component has the southwardz
component. Recently, Tang et al. (1984) re-examined this 

aspect, but found that there is no such simple 
relationship.

The discussion of the IMF polar angle is complicated
by the various coordinate systems used. Consider the case
where the IMF vector lies in the solar equatorial plane.

For instance, in the GSEQ system, B = -3y / B = 3y, B = 0x y z
( | B | = 4.2y, © = 0, $ = 135°). This vector is typical of 
the Parker model predictions and the HA code simulation 
results. in the GSEQ frame, the polar angle, 9, remains at 
90°. This hypothetical IMF vector can be transformed to 
the GSE frame. Refer to Figure 6.4a. The polar angle now 
experiences an annual variation of + 7.25 about 0 = 90°. 
This is because the ecliptic plane is inclined to the solar 

equatorial plane.
If we want to use our hypothetical IMF vector in the
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Time (Days)

Figure 6.4a. IMF vector 9 angle in GSE coordinate frame', 
for 1 year. In the GSEQ frame, the vector has equal x and 
y components and no z component.
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epsilon calculation, we must transform to GSM coordinates. 
See Figure 6.4b. The polar angle now has several periodic 
variations about = 90°. There is an annual variationCjbrl
in of about 30° due to the ecliptic plane inclinationGSM e v

with respect to the solar equatorial plane, and the 
inclination of the earth's rotational axis with respect to 
the ecliptic pole. In addition, there is a daily variation 
in ©GSM due to the inclination of the geomagnetic dipole 
with respect to the earth's rotational axis. The combined 
effect accounts for a possible variation in ©GSM of about 
+ 37° about ©GSM = 90°. This means that, for no GSEQ polar 
component in the IMF, we can expect the change in ®GSM from 
90° to be largest in March and September. Coordinate 

transformations are indeed very important in any 
geomagnetic storm prediction scheme based upon solar wind 
parameters.

6.2 Source field-line poleward motion
MHD modeling of the solar wind can obtain B if non-3 z

radial flow and pressure gradients are allowed, or if the B 
field on the inner boundary contains a polar component (Wu 
et al., 1983; Han et al., 1984). However, the tool used in 
this study, the Hakamada-Akasofu code utilizing a kinematic 
method, originally allowed no theta component. This HA code
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Figure 6.4b. The IMF e angle for the same vector as (a) 
after transforming to GSM coordinate system.
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was based upon the Parker theory, with only radial and 
azimuthal flow, radial B field at the source surface, and 
no consideration of pressure gradients. No matter what the 
velocity distribution on the source surface, if no theta- 
component in V or B existed on the source surface, none 
could appear. Hore, we provide a means of generating B in 
the kinematic method approach.

Observations of coronal transients often show outward 

expanding clouds of coronal plasma or gas associated with 
Type II and IV radio bursts. We can imagine the plasma 
pressure distorting the coronal magnetic field lines. At 
the source surface, the passage of the transient plasma 
will be seen as a rapid reordering of the source surface 

magnetic field configuration. As the energy from the 
transient event is dissipated, we expect the coronal field 
to gradually return to its original configuration. The 
source of the coronal magnetic field lies deeper in the 
solar atmosphere. We are allowed to view the solar 
magnetic field only down to the photospheric level, the 
limit of the optical window. There is no conclusive 
evidence that the photospheric magnetic field changes its 
configuration or magnitude as a result of solar flares or 
other coronal transients. As the coronal transient 
disrupts the source surface magnetic field configuration, 
this results in the motion (on the source surface) of the
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foot points of the magnetic flux tubes which stretch out 
into interplanetary space. As the event progresses to its 
conclusion, the source field returns to the pre-event 
configuration.

We represent schematically the sequence of field
configurations which might result from a coronal transient,
for example, a flare - induced blast or shock wave. The
corona is assumed to have a dipole magnetic field
configuration initially. Figure 6.5 shows a series of
field configurations at successive time steps. A coronal
transient occurs in the closed field region at the inner
boundary at r = 1 solar radii. The magnetic field lines
are forced outward, away from the flare site. As the lines
balloon outward, the field lines intersecting the source
surface, at r = 2.5 solar radii, move poleward. This s
induces a polar component in the field line orientation 
outward from the source surface, and a polar IMF vector 
component results. The distortion of the field lines 
propagates outward. As the disturbance moves outward past 
the source surface, the field lines gradually return to 
their original latitudes on the source surface. In other 
words the heliographic latitude of a field line 
intersecting the source surface suddenly increases 

poleward, and gradually returns equatorward. Since the 
field lines are imbedded in the outflowing plasma, the
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Figure 6.5. Successive frames showing schematically,
the distortion of coronal magnetic field lines due to a 
hypothetical coronal transient event.
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distortion continues to propagate outward beyond the source 

surface.

Figure 6.5 shows the situation of outward directed
field lines above the neutral line and inward directed
lines below the neutral line. An observer in

interplanetary space would see the IMF variations shown in

Figure 6.6a. Both above (region 1) and below (region 2)
the current sheet the profiles of B versus time arez
similar. First a rapid change to a southward directed

field is observed, followed by a smaller northward directed
magnetic field. Observations interpreted as the passage of
magnetic clouds often show similar Br variations.z

The case where the coronal field has an opposite field 

line orientation would produce the opposite variation of 

versus time out in interplanetary space. See Figure 6.6b. 

Again, the E ^-versus - time profile would be similar when 

observed from points both above and below the heliospheric 

current sheet.

Figure 6.7 represents the meridional plane view of the 
solar source surface in the case of a poleward motion of 

the field lines. The kinematic code traces the field line 
as follows. At time t = t^, the sun emits a fluid parcel, 
or "particle" (position 1). At a later time, t = t2 , the 
emitted particle has moved radially outward to position 2. 
The source region (which emitted the particle) has moved to
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3 .

F i g u r e  6 . 6 .  ( a )  B - v e r s u s  - t i m e  p r o f i l e  d u e  t o  t h e
h y p o t h e t i c a l  f l a r e  o l  F i g u r e  6 . 5 ,  s how n s c h e m a t i c a l l y .
Case where northern field lines are directed away from the 
sun. (b) Opposite case where field lines are directed 
toward the sun.
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Figure 6.7. Meridional plane view of the solar source
surface showing the kinematic method of tracing the field 
line associated with a poleward moving footpoint.
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position 3 by the time t = t2 ~ The region emits a second 
particle at position 3. Particles at positions 2 and 3 are 
connected by the same field line. This situation is 
similar to the streamline of water formed by suddenly 
moving a garden hose upward. The resulting kink in the 
streamline (and the magnetic field line) propagates 
outwards at the fluid flow speed. The meridional velocity 
must be comparable to the radial velocity to induce a © 
angle of about 45°.

For a solar wind speed on the source surface of about

50 km s ’"*", the polar motion required to allow Bg comparable
to B in the IMF is also about 50 km s ’1 . This is because, x
even though v is increasing outward from the sun due to 

acceleration of the coronal plasma, v r is increasing 

outwards at all latitudes. Refer to Figure 6.8a and b. 

Imagine the situation where the coronal plasma has a higher 

velocity at higher latitudes. In this case, the meridional 

field line kink will experience a steepening in © angle as 

it propagates outwards. Figure 6.8b shows segments of a 

given field line at successive times at the distortion 

evolves. As discussed in earlier chapters, numerous 

studies have shown that the background solar wind velocity 

increases away from the magnetic neutral line.
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Figure 6.8. Top: Schematic showing the steepening of
IMF field line configuration as the kink propagates 
outward. Velocity > V.^. Bottom: Schematic snapshots of 
a field line segment at successive times as it propagates 
outwards.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



3 1 3

Case A.
The kinematic code is used to simulate the effects of 

poleward field motion on the IMF. Consider the case of 
outward directed field lines above the current sheet.
Simple poleward field line motion is simulated with no 
increase in solar wind velocity due to the simulated solar 
flare. We will follow the propagation of the disturbance 
due to the field line motion. Simulation results are shown 
for heliospheric latitude = + 7, 0, -7°, longitude = 0, 30, 
60, 90° and radial distance = 1 AU. The coronal transient 
is characterized on the source surface by the flare 

parameters:
tF = 0, flare time
\ = n ° . flarp latitude"F ' ' ......
<f>„ = 0°, flare longituder
v„ = 0 km s "*■, maximum velocity enhancement aboveF

background 
t „ = 12 hours, decay time constantr
a = 30°, spatial Gaussian coefficientr

The field line location on the source surface is 
represented by its magnetic latitude, which is now allowed 
to vary according to the equation,
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Figure 6.9a. Composite of solar wind velocity-, and IMF - 
versus-time profiles for 1 AU radial distance at latitude 
+7°, 0°, -7° and longitude 0 and 30 . Case where northern 
hemisphere field lines are outwardly directed. Case A 
flare parameters are in the text.
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X = X - AX m mo m

t ' t F 1 , „ 2  . 2 ,
A X m = •5Xmo ( x— ) e x P ( 'R /CT ) exp I1 _ (“ — >1

where
X = magnetic latitude for the dipole case, or mo  ̂ f t

approximately, XmQ = xsin(<f>-<(>o ) .

The background magnetic field configuration, Xmo, in these 
cases is that of a dipole field with a tilt of X = 20° with 

respect to the rotational axis (refer to Figure 6.9). The 
simulation provides qualitative agreement with the 
schematic profile in Figure 6.6a. At observation longitude 
= 0°, the © variation is similar both above and below the 
current sheet. The observation point is above the current 
sheet when the $ angle is about 135°, and below when $ ~ 
135°. The abrupt change in $ angle signals the current 
sheet passage, or sector boundary crossing. As the 
observation longitude changes to 30°, the effects of the 
coronal transient diminish. The size of the spatial 
gaussian distribution coefficient ( ) determines the
angular distance over which the disturbance effects are 
felt. At longitude = 60°, the ©-component variation is 
nearly non-existent. At 90° longitude the effects of the 
transient are not apparent.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



317

Case B

Now the situation is that of inward directed field 
lines above the current sheet. The transient parameters 
are the same as in Case A. Note the behavior of the polar 
IMF component is just the opposite from the presentation of 
Case A. Refer to Figure 6.10 and note the similarity to 
Figure 6.6b.

Case C

During a realistic flare event, we would expect a 
velocity inhancement to be introduced into the solar wind, 
as discussed in the last chapter. Figure 6.11 shows the 
simulation of solar wind variables, where now a velocity 
increase on the source surface has been introduced, with a 
peak velocity of 500 km s ^ at the maximum epoch. All 
other parameters are the same as in Case A. Note the 
compression of the interaction region in time.

Case D

The opposite field line configuration is represented 

in Figure 6.12, with all other parameters the same as in 

Figure 6.11.
In summary, if the magnetic field configuration on the 

source surface is allowed to vary in time the foot points 

of the field lines will change in latitude. The flux tube
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field lines are inwardly directed. Case B.
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Figure 6.10b. Same as Figure 6.9b, but now, northern 
field lines are inwardly directed. Case B.
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Figure 6.11. Composite of solar wind velocity and IMF 
time profiles for 1 AU radial distance at latitudes 
+7°,0 , -7°, and longitude 0°. Case C, where 
Vp = 500 km s' and northern field lines are outwardly 
directed.
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Figure 6.12. Same as Figure 6.11, but now northern field 
lines are inwardly directed.
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associated with a poleward moving field line will develop a
theta-component in its geometry. This distortion will
propagate out into interplanetary space and manifest itself
as variations in B .z

6.3 Rotation of source surface region
Rotational motion in quiescent prominences and active 

region loop structure has been observed up to 75 km s * 
(Liggett and Zirin, 1984; Malville and Toot, 1982).
Ellison observed rotational velocities up to 500 km s  ̂

during the great flare of 1947 (Ohman, et al., 1968).
In this section, we simulate a rotation of the foot 

point of a solar wind flux tube and the propagation of the 
effects out into the solar wind. Consider the case of 
fluid rotation about a point on the source surface. The 
fluid has an angular velocity with a Gaussian spatial 
distribution. We use the function

o < t < t^,

t^ < t < 2t,

where
w at a source surface point at latitude (X) and
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longitude (<J>) is a function of the great-circle

distance from the rotation point (Xj.,41̂ ),

R = great circle distance in degrees

a = standard deviation in degrees
The meridional velocity of a field line footpoint on

the source surface is shown in Figure 6.13 for various a
and w as a function of great-circle-distance (R) from the o
rotation point on the source surface. The field-line

footpoint is frozen to the fluid and rotates with the

fluid. The fluid velocity meridional component V, varies

as v„ = coRcosa, with <o = 5°/hour, t. = 12 hours and,© o 1

a = Joodt

Figure 6.14 shows the source field magnetic latitude 
contours at t = t^. Here we have displaced the rotation 
point 180° in longitude, 0° latitude to clearly show the 
distortion of the source field configuration. Figure 6.15 
shows the resulting V, and B, profiles observed at 1 AU for 
the situation described above. We might imagine the 
distorted current sheet in interplanetary space as a result 
of the source field rotation discussed above. A view is 
displayed in Figure 6.16. The distortion appears to spiral 
out in the garden-hose fashion, since the rotation point is

I _ .
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Figure 6.13. Meridional velocity of field line footpoint 
on the source surface for a rotational event. Various a 
are used. Velocity is shown versus longitude distance from 
the rotation point.
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ROTATE CASE - 2.5 RS

Figure 6.14 Source field contour showing distortion due
to rotation. Time is at maximum rotation t = 12 hours,

= 5°/hr.
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Figure 6.15. Velocity and IMF profile versus time for 
rotation case discussed in the text.
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DIPOLE CASE R= 2 AU

Figure 6.16. Distortion of heliospheric current sheet 
resulting from rotation of source surface field.
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frozen to the source surface as the sun rotates about its 
axis.

6.4 Summary
We have demonstrated that the kinematic code of

Hakamada and Akasofu (1982) can be used to simulate the
variations in B resulting from a coronal transient event, z r
The location of the transient event with respect to the 
corona's open field regions plays an important a role in 
determining the morphology of B . This consideration may 
be as important as the location of the earth with respect 

to the current sheet.
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Discussion and conclusions
We began this thesis with a review of the present 

understanding of the heliospheric structure. The existing 
kinematic method of simulating solar wind conditions was 
shown to provide at least a qualitative agreement with 
spacecraft observations, as well as with conceptualizations 
of the heliospheric structure. Several improvements to the 
kinematic method were introduced. An ephemeris section was 
introduced to locate the earth and spacecraft, where solar 
wind parameters are observed. An improved method of 
obtaining the 3 components of the IMF vector at any point 
in the heliosphere was presented. Removal of the plane- 
geometry approximations of the original Hakamada-Akasofu 
method (1982), allowed the modified computer code to 
simulate the heliospheric structure at any latitude, 
longitude, and radial distance from the sun. The recently 

introduced integration scheme of Olmsted and Akasofu (1985) 
enabled us to calibrate the kinematic method with the R-t 
relationship derived from the solution of 1-D MHD 

equations.
Since the kinematic method depends critically upon the 

solar wind source velocity, an empirically derived function

329
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was introduced to approximate the source velocity 
distribution. The study in this thesis indicates that the 
functional dependence of source velocity (upon source 
field) varies over the 11-year solar activity cycle. We 
suggest that the solar wind speed minimum on the source 
surface is most narrow near solar minimum, and broadest 
near solar maximum. This claim is supported by a recent 
study made by Newkirk and Fisk (1985). The first 
simulation of solar wind parameters based upon actual solar 
magnetic field configurations were presented. Near solar 
maximum, particularly Carrington rotation 1683, the 
simulation provided a remarkable agreement with spacecraft 
observations. We were able to model the solar wind fairly 
well at solar minimum, also. However, during the rising 
phase of the solar activity cycle, the simulations were in 
poor agreement with observations. It may be necessary to 
model individual high-speed-stream source regions, in order 
to closely match observations, or to predict solar wind 
conditions in advance. Solar transient effects must also 
be included to improve the modelling effort.

The quiet time solar wind conditions at heliographic 

high latitudes were simulated in Chapter 4, for both low 
and high dipole tilt angles. Low x-angles, corresponding 
to solar minimum conditions, produced an almost uniform
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background solar wind at the highest latitudes. Even at X 
= 60°, the variations in speed and IMF were quite small at 
a heliographic latitude of 80°. These simulation results 
are presented as predictions in anticipation of the 
upcoming launch of the Ulysses spacecraft. Based upon 
these results, it appears that Ulysses will provide a 
unique opportunity to view not only the high-latitude solar 
wind structure. The effects of solar transient events will 
be observed without the corotating structure to complicate 
the picture.

In order to study the effects of solar transient 
events, simulations were run with solar flare effects 
included. We introduced hypothetical flares and studied 
the propagation of the resulting disturbances out into the 
heliosphere. Then, actual flare event periods were 
simulated and compared with satellite observation in the 
near and far heliosphere. Solar disturbances were seen to 
propagate to large distances, and at least qualitative 
agreement between observations and simulations were found. 
The behavior of the solar wind speed and IMF depends upon 
the location and evolution of the disturbance on the source 
surface, and also upon the location of the observation 
point. We need to find ways to determine quantitatively 
the areal extent and temporal evolution of solar flare 

disturbances at the source surface.
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The least understood quantity in the solar wind, the

IMF component, was studied in the last chapter. Several

new models of ways to generate variations in B z were

introduced. In particular, when the flare region lies in

the closed field region of the coronal magnetic field, the

variation in B will be similar when viewed at locations z
both above and below the current sheet. Further study of 

this conclusion needs to be done. In particular, a search 

for possible confirming observations needs to be made.

The improved kinematic method provides a means to 

simulate, and eventually predict, the temporal and spatial 

variations of solar wind speed and interplanetary magnetic 

field. Future simulation studies should combine the actual 

source surface magnetic field configuration with observed 

solar flares which have been accurately parameterized.

\ .
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