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Visual Utility for the Localization of Corona-Accelerated Nuclei
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The proton prediction system developed by Smart and Shea (Smart, D. E, and Shea, M. A., "PPS76—A Comput-
erized 'Event Mode' Solar Proton Forecasting Technique," Solar Terrestrial Prediction Proceedings, edited by R.
E Donnelly, Vol. 1, National Oceanic and Atmospheric Administration/Environmental Research Lab., U.S. Dept.
of Commerce, 1979, pp. 406-423) provides the approximate magnitude of the fluxes of solar-flare-ejected protons
in the vicinity of the Earth. A system is described that extends Smart and Shea's work in that it predicts fluxes
of such protons at arbitrary points of the inner heliosphere near the plane of the solar equator. It has interactive
graphical components that enhance the user's overall perception of a flare's effects upon the solar system while
also providing precise user-requested data. The flux predictions of the system agree well with proton fluxes as
measured by various spacecraft. Results are given. A database of flare events is maintained and can be used for a
retroactive analysis when it is desired to know the magnitudes of potential proton fluxes due to a previous flare.

Nomenclature
a = distance from the sun to a point under discussion

divided by a quantity discussed in Eqs. (15-22)
d(x, y) = distance from a point or body x to a point or

body y, km
r0 = radius of the sun
(xh, y/,) - coordinates of a point b with respect to a

heliocentric coordinate system whose x—y plane
passes through the solar equator

s = center of the Earth
£-point = point contained in the intersection of £-sun plane

and solar equator that is closest to Earth
£-sun plane = plane containing the center of the Earth and the

north and south poles of the sun
Xp = heliocentric latitude of the solar flare F, rad
f = angle used to form the spiral shape as discussed

in Eqs. (15-22), rad
T = an arbitrary point in space
TJ = a point in space at position /
T-point = point in the intersection of r-sun plane and solar

equator that is closest to r
r-sun plane = plane containing an arbitrary point in space r and

the north and south poles of the sun
C/>A = Archimedean angle, rad
0/r = heliocentric longitude of the solar flare F with

respect to Earth, rad
(/)L = vertical angle between a line L passing through

the sun's center and the solar equator, rad
</>£)T = angle between the £ point and the r point along

the solar equator, rad

Introduction

T HERE is considerable controversy as to whether flares are the
sole producers of energetic protons or whether coronal mass

ejections play a central role. We note that the system described in
this paper is presently capable of computing flux predictions only for
protons associated with solar-flare activity. The techniques used in
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this paper do not permit the inclusion of a shock-associated particle
increase such as is often present at the passage of an interplanetary
shock. Therefore, even if not explicitly stated, all proton fluxes dis-
cussed in this paper will be those associated with flares.

Solar-flare-associated phenomena can cause a variety of diffi-
culties in spacecraft mission operations.1 Detailed knowledge of
the intensity of the proton fluxes over time from an observed solar
flare can provide information to mission personnel that would en-
able them to minimize the effect of flares on operations. Further, if
some aspect of mission operations exhibited unexpected behavior in
the past, it would be useful to rule out or demonstrate the possibility
that solar-flare-associated phenomena might have been the source
of the problem. Such a retroactive analysis has already been done
with respect to Mars Observer2 and Topex.3

Much work has been done on determining the criteria for predict-
ing the impact of solar-flare-ejected protons upon the Earth.4 Smart
and Shea5-6 and Heckman et al.7 have devised models that predict
the fluxes at Earth on the basis of certain electromagnetic indicators
sent out by the flares. The Smart-Shea and Heckman models yield
flux data for Earth that are generally within an order of magnitude
of the real flux values.

It was desired to determine whether the underlying ideas of any of
these existing systems could be generalized to predict proton fluxes
for points of the solar system other than Earth. It was also desired
to add appropriate graphics that would enhance the user's overall
perception of the solar flare's effects upon the solar system while
providing, at any time, precise and accurate flux data. The solar-
flare tool developed from these specifications is called the visual
utility for the localization of corona-accelerated nuclei (VULCAN)
and is named after the Roman god of fire. The basis for VULCAN
is the Smart-Shea model,5'6 referred to as PPS86. Smart and Shea
described how to extend their model to the inner heliosphere near
the plane of the solar equator8'9 and were readily available for dis-
cussions on the scientific as well as practical aspects of their work.
These reasons, together with the long documentation and imple-
mentation history characterizing PPS86, made it a good choice for
the basis of VULCAN.

VULCAN relies on 1-8-A peak x-ray data from the National
Oceanographic and Atmospheric Administration (NOAA) in
Boulder, Colorado, for indication of solar-flare activity. The peak
flux, the time of detection, and the latitude and longitude associated
with the flare are also sent. Fluxes resulting from proton producing
locations outside of the visible 180-deg area for Earth are not com-
puted by VULCAN, as NOAA is not able to acquire the requisite
x-ray data. Required planetary data are provided by the SPICE10

system. The SPICE system provides ephemeris data and associated
software that accurately computes the positions of the sun, plan-
ets, spacecraft, and other celestial bodies of interest over specified
periods of time. Advantages of using VULCAN include improved
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efficiency in solving ground-link and instrumentation failure prob-
lems, specific options relating to the delay of communications be-
tween ground stations until peak disturbances have subsided, and
possible opportunities for conducting science observations.

Comparisons of VULGAN's flux computations vs measured pro-
ton fluxes for spacecraft in the inner heliosphere near the plane of
the solar equator are presented in the last section of the paper. For
points outside this region, the validity of the VULCAN software is
less certain. However, VULCAN has the capability of incorporating
arbitrary trajectories into its graphics and computational modules to
derive a prediction of fluxes at points away from the solar equator
outside the inner heliosphere, thus enabling future experimentation
with the program to determine the limits of its accuracy.

Even though Smart and Shea produced specifications for extend-
ing their proton prediction model, other techniques having a geomet-
ric and analytic nature had to be developed to facilitate the merging
of these specifications with their already existing theory to produce
VULCAN. Aside from the discussions of the graphics displays, the
presentation of certain of these mathematical considerations char-
acterizes what follows.

Flare-Angle Determination
Background

Data required to run VULCAN are obtained from the Space En-
vironment Laboratory of NOAA in Boulder, Colorado. In addition
to parameters relating to the time of the flare and its associated x-ray
data, the latitude and longitude of the flare with respect to the Earth
are obtained. The exact meaning of the phrase latitude and longi-
tude with respect to x will be given in the following discussion. The
purpose of the flare extrapolation algorithm is to use the latitude and
longitude of a flare with respect to Earth to determine the location
of the flare with respect to an arbitrary point in space at which we
wish to compute the fluxes.

Geometry
To describe the flare-angle extrapolation algorithm, we first dis-

cuss certain geometrical aspects of the problem. The spatiality of
the £-sun plane, the r-sun plane, the s point, and the T point are
illustrated in Fig. la. Here, the four asterisks represent the north and
south poles of the sun, e, and r. The dashed curved lines represent
the intersections of each of the planes with the sun's surface. The
angle </>£)T is shown as well. Figure Ib presents a top view of Fig. la.
Since the familiar generalized form of the Pythagorean theorem is
used to derive cos 0£iT, we have 0 < </>£)T < TT. An appropriate sign

will be given to the angle 0e,T based upon considerations presented
in the following discussion.

As mentioned earlier, the latitude and longitude of the flare are
computed and sent to VULCAN by NOAA at Boulder, Colorado.
Latitude is measured in the intervals [0, jr/2] and [0, —7T/2] going
from the solar equator to north pole and south pole respectively. As
labeled in Fig. Ib, positive longitude (from the earth's perspective)
is measured counterclockwise (from the vantage point of the north
pole) on the solar equator in the interval [0, TT], where 0 is the
s point. Negative longitude is measured clockwise in the interval
[0, -TT]. The longitude of a flare as sent by NOAA is approximately
in the interval [—jr/2, jr/2], since it has to be seen by Earth. The
longitude of a flare with respect to an arbitrary point r in space is
subject to the same interval conventions as mentioned above except
that the flare longitude is measured in relation to r. The theory
underlying VULCAN is such that if it is desired to compute the
flux at a point in space, then the latitude and longitude of the flare
with respect to that point (measured as described above) must be
used in the computation. If L is a line drawn from the sun center
to the point in space, then the latitude of the flare with respect
to the point is easily given by XF — cj)L. However, the longitude
of the flare from NOAA is given with respect to the e-point and
not with respect to a fixed location on the sun (as latitude is with
respect to the solar equator). Therefore, the longitude of the flare
has to be adjusted in a more complicated fashion to compute the
flux for points other than at Earth. The purpose of the flare-angle
extrapolation algorithm is to compute this adjusted longitude given
the longitude of the flare as sent by NOAA. To derive the proper
longitude to compute the flux at a point T, we must use the flare
longitude with respect to Earth and the longitudinal angle 0e>T that
is as shown in Fig. Ib.

A demonstration of what is involved in this computation involves
a consultation of Fig. 2. The quantities 0£>Tl and </>e>T2 are the angles
between the Earth and the points at positions 1 and 2, respectively.
The positions of the planets are computed with respect to an x-y-z
coordinate system where the x-y plane is the plane of the solar
equator. The quadrants are numbered as indicated. In general, to
determine the longitude of a flare with respect to a point in space,
the algorithm first computes the magnitude of the longitudinal angle
between the s point and the T point in space as defined earlier. By
examining the flare angle, the flare extrapolation algorithm does a
case-by-case analysis based on the quadrants the planets are in. The
quadrants are based upon the s point and the r point as discussed
earlier. Using these cases, the program determines whether to add
plus or minus the angle between the Earth and r to the already known
flare angle 4>F (given with respect to Earth), to obtain the angle
between r and the flare. For example, if the Earth is in quadrant I

direction of
earth's revolution

IV

Fig. 1 Earth and r planes: a) side perspective and b) top perspective
of e-sun plane and r-sun plane. Fig. 2 Orbital perspective of arbitrary points and Earth.
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IV

direction of
earth's revolution

Fig. 3 Some positions requiring arctangent treatment.

and if r is in quadrant III, a sample orientation of which is shown
in Fig. 2, then the angle between the target at position 1, TI, and the
flare is (/)F — 0£,Tl . If the Earth is in quadrant 1 and r is in quadrant IV,
then the angle between the flare and T2 is c/)F +(t>e,T2 . When the angle
falls outside the intervals [0, TT] and [0, -n] mentioned earlier, the
program will adjust it so that it is within these intervals. We discuss
this in what follows.

Knowing which quadrants the Earth and target are in is gen-
erally not sufficient for determining <££iT. If the Earth and target
are in the same quadrants or are in opposite quadrants (I and III
or II and IV), it is not clear whether to add 0£)T to or subtract it
from (f)F to determine the longitude of the flare with respect to
the point r. In these cases, the arctangent function is used to de-
termine the relative positions of flare and target. For example, in
Fig. 3, a target in quadrant III could be in position 3 or 4. In po-
sition 3, the angle between the flare and r is c/)F — 0£tT3. However,
if T is at position 4, the angle between the target and the flare is
0F + 0e,r4' Note that this angle falls outside the prescribed longi-
tudinal intervals [0, TT], [0, — TT]. In this case, the algorithm adds
— 2n to its value so that it does fall in one of the prescribed inter-
vals. If a target is in the same quadrant as the Earth, ambiguities
arise as well. In position 1, the angle between the flare and r is
0F — 0e,Ti> whereas in position 2 the angle is (f)F + 0£)T2. In fact,
if r and s are in quadrant I, then whether 4>£,T is added to or sub-
tracted from (pp depends upon whether T'S position is clockwise
or counterclockwise to the £-sun plane. Also, if s is in quadrant I
and r is in quadrant III, then whether 4>s>r is added to or subtracted
from c/)F depends on whether r's position is counterclockwise or
clockwise to the extension of the £-sun plane into quadrant III.
We now show how these ambiguities are resolved by use of the
arctangent function. In what follows we assume that (xe, y£) are
the coordinates of Earth and (xr$, VT^) are the coordinates of T at
position £ for 1 < f < 4. It can be determined that in quadrant
I arctan( vTl /JCTI ) > arctan(y£/;t£). We can use this information to
conclude that 0£(Tl can be subtracted from 0/r to obtain the correct
angular distance between T and the flare when r is in position 1 .
Further, based upon the fact that arctan(yT2 /xT2 ) < arctan(y£/.x£), the
algorithm adds the angle </>£)T2 to (/)F when r is in position 2 to de-
termine the angle between the flare and r^. Using similar reasoning
for the third quadrant, the fact that arctan(yT3/;cT3) < arctan(y£/;t£)
can be used to determine that the angle between the target at po-
sition 3 and the flare is 4>F — 0£>T3. Also, since arctan(yT4/JcT4) >
arctan(y£/;c£), the angle between the flare and r at position 4 is
0F + 0e,T4. We note that the geometrical relations displayed in the
figures are only examples used to illustrate techniques that are used
in an extended and modified form throughout the algorithm and rep-
resent only a subset of what has to be considered, to determine the
angle between T and F given more general initial configurations of s,
r, and F.

Analysis
Background

In the last section, we gave an overall view of the spatial orien-
tation between points that were determined by the s-sun plane and
various r-sun planes intersecting the solar equator. In this section,
we determine the coordinates of an arbitrary '*' -point given the
coordinates of an arbitrary point x. From this, we can then find a
general form for the distances between the s point and the sun center,
between a T point and the sun's center, and between the s point and
the T point. This enables us to determine the angle 0£,T between the
Earth and T using the generalized Pythagorean theorem. We assume
that the Cartesian plane in which all computations are done has as
its origin the center of the sun with the +z and — z axes passing,
respectively, through the north and south poles of the sun.

Formulation
Given that T is an arbitrary point in space, possibly representing

Earth or any other planet, spacecraft, or object in the solar system,
we first determine the equation of the r-sun plane. In our chosen
coordinate system, the origin, north pole, and projection of the center
of T on the x-y Cartesian plane are all in the r plane. These points
are denoted by (0, 0, 0), (0, 0, zn), and (xp, yp, 0), respectively. From
this, we deduce that the equation of the T plane satisfies

Ax Byp = 0 (1)

If both xp and yp are 0, then r is at the north or south pole and the
Archimedean solar transport model does not apply. We thus assume
that both are not simultaneously equal to 0. If xp is 0 and yp is not 0,
then r = (0, i>r0), where v is the sign of yp. If yp is 0 and xp is
not 0, then r = (we, 0), where v is the sign of xp. The following
analysis assumes therefore that neither xp nor yp is equal to 0. Since
this assumption in turn implies that A = 0 if and only if B =0,
we therefore assume also that A and B are both unequal to 0 in the
analysis which follows.

From the preceding paragraph, we can normalize the coefficient
of ;c and obtain

- (xp/yp)y = o (2)

as the equation of the r plane. Since the r point intersects the solar
equator, we have

x = (xp/yp)y = (xp/yp)(± yV| - x2) (3)

resulting in

-S - (xp/ypfx1 (4)
Thus, the possible coordinates for the T point are

= ±-

and

+ (V>v)2

(5)

(6)

where the plus-or-minus signs are due to the fact that the r plane
intersects the solar equator in two places. Note that there are only
two pairs of coordinates (as opposed to four) because from Eq. (2)
the positive root is used for y if and only if the positive root is used
for x. We next compute the distance from (xp, yp, 0) to each set of
coordinates (jc+, y+, 0) and (jt_, y_, 0), where the former denotes
the positive roots of Eqs. (5) and (6), and the latter the negative roots.
We then choose the coordinates that represent the point that is closer
to (xp, yp, 0), since the distance from (xp, yp, 0) to the r-point is
always less than the distance from (xp, ypj 0) to the point directly
opposite the T-point on the solar equator. In mathematical terms, if
we define
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d,=
\

(7)

then

r point = if
if (8)

Equations (7) and (8) could have been replaced by a procedure
that compared coordinate signs between (jc_, y_) and (xp, yp) and

between (x+, y+) and (xp, yp); however, we felt that the mathemat-
ical approach was cleaner than a case-by-case analysis.

Graphics
Archimedean Spiral

The Archimedean angle with respect to a point r is defined as
the angular distance that the sun rotates in the time it takes for a

a) Graph of p = [d(a, /3)/£]0 for 0 < 9 < £ b) p curve embedded in sun-r relationship

Fig. 4 Archimedean-spiral analysis.

Fig. 5 Intuitive view of flux data.



726 SPAGNUOLO ET AL.

Fig. 6 Analytic view of flux data.

particle to go from the sun to t, assuming it leaves the sun in a
radial path. This is also expressed by the formula 4>A = a)sr/V,
where cos is the angular rotation rate of the sun, r is the distance
from the sun to the point, and V is the speed of the particle. For any
point in the inner heliosphere near the plane of the solar equator,
present models of solar-particle transport assume that the protons
travel along a pathway in the form of an Archimedean or Parker
Spiral4'11 given by

p = (9)

where £ (which will be more fully discussed below) is related to (/>A
with respect to that point and a is the distance from the sun to the
point in question divided by £. In what follows, we discuss how to
construct the Archimedean spiral graphically. For purposes of ex-
position, we will assume that r is in the plane of the solar equator,
since if it is not, we can imagine rotating it into the solar equator
and then going through the spiral-construction reasoning that will be
presented in the following discussion. The computationally visual-
ized spiral for r in its original position is then obtained by returning
the rotated point r to its original position with the constructed spiral
attached, keeping shape as it was formed with respect to the plane
of the solar equator.

The graph of the above function has the approximate form shown
in Fig. 4a. The astronomical interpretation of this graph is realized
by embedding it in the sun-r spatiality as shown in Fig. 4b. The
correspondence of the labels a, ft, rj, and K in Figs. 4a and 4b in-
dicates that the spiral shape in Fig. 4a was flipped and rotated to
obtain the orientation displayed in Fig. 4b. The view in Fig. 4b is

from a northerly perspective. Here d(sun, r) is the length of the line
connecting the sun to the point r. The angle that the graph makes
with the line connecting the sun with r is interpreted as being (j)A.
The graphical creation of the shape of the Archimedean spiral thus
has two requirements: 1) it must be of the form given by Eq. (9), and
2) it must be such that when one end is placed at the sun's center
and the other at r, as shown in Fig. 4b, its intersection with the solar
equator is at longitude c/)A , the given calculated Archimedean angle
for the point r.

Both 1) and 2) require the determination of the angle £. To this
end, we note that, in view of both diagrams in Fig. 4 and the definition
of a,

and

Eliminating a gives

resulting in

r0 =a(% -0A)

d(Q, r) = at;

r0 d(Qt r)

- [r0A/(0, r)]

(10)

(ID

(12)

(13)

The magnitude of the difference of the two angles £ and $A is
therefore

, r)/r0] -
(14)
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Table 1
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Flux
Event Spacecraft Particle energy, MeV Measured Computed

Aug. 2, 1972, 7:58 PM, lat 14 Ion -28
Nov. 22, 1977, 9:46 AM, lat 24 Ion 38
March 6, 1989, 1:13 PM, lat 35 Ion -70
March 17, 1989, 5:20 PM, lat 31 Ion 60

Pioneer 9
Voyager I
Phobos II
Phobos II

>14
>10

0.9-1.2
0.9-1.2

-900
-23

-9000
-720

279
18.7

7.4 x 104

584

Fig. 7 Perspective of the heliosphere.

indicating that for computations where real astronomical parameters
are used,

d(Q, r) »o (15)

However, for purposes of graphical presentation, the relative mag-
nitudes of distances and planet sizes are considerably different from
those used in realistic computations characterizing solar physics.
To facilitate display, the ratio of the distance between the sun and
T to the radius of the sun may be much smaller than in reality, im-
plying that the difference between (f)A and £ is not very small, thus
justifying the above treatment.

Interactive Visual Configurations
There are essentially two ways that VULCAN has of present-

ing solar-flare data to the user. The first is intuitive. The second
is analytical. Upon reception of solar-flare data, the former gives
an immediate overall view of the solar-flux conditions at various
points of the inner heliosphere, whereas the latter allows the user
to obtain more precise flux-related data at an arbitrary point. These
two modes of computational presentation complement one another
in the sense that the point the user chooses to analyze using the
perspective afforded by the second mode is generally influenced
by the overall view of the flux intensities displayed by the first
mode.
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Figure 5 shows the windows for the intuitive treatment of the
solar system. The leftmost window has a listing of the received
flare events from Boulder. In the rightmost window, the color of
each Archimedean spiral indicates the intensity of the protons go-
ing from sun to planet. Figure 6 presents more detailed flux infor-
mation relating to flare events. Here flux-vs-time graphs are dis-
played for various user-selected planets and proton energy ranges.
Finally, Fig. 7 displays the continuous movement of particles in time
throughout the solar system. A capability for displaying the various
orbital planes exists as well. The solar equator and the £-sun plane
are displayed.

Comparisons with Real Data
Computed maximal values of the flux as compared with those

measured by actual spacecraft at varying positions with respect to the
sun are shown in Table 1. Spacecraft distances from the sun ranged
from 0.77 to 1.52 AU. The differential flux values are measured in
protons/cm2 • s • sr • MeV, and correspondingly the integral flux is
measured in protons/cm2 • s • sr. The actual flare angle with respect
to the Earth-sun line was given by NOAA at Boulder. The flare
extrapolation algorithm used the spacecraft trajectory to compute the
ESP angle, subsequently deriving the angle between the spacecraft
and flare. Table 1 represents all cases in which we were able to
obtain sufficient flare and spacecraft data for comparison.9' I2~14 The
computed values are in accordance with the expected accuracy of
the Smart-Shea model.

Conclusions
We have developed a system that directly receives data from

NOAA via modem and uses ephemeris data to predict the effects
of solar flares on the planets and spacecraft (near the solar equa-
torj^of the inner heliosphere. Experimentation with the model's
underlying predictive capability at other points of the solar sys-
tem is possible also, although the accuracy of the computed fluxes
is not guaranteed in this region. The system allows as input user-
constructed flare events or those on record as sent by NOAA to
determine what fluxes will result, be they in the past or in the fu-
ture. Graphical user interfaces together with manipulable views of
the solar system and color coding of proton flux paths facilitate
experimentation with interdependent parameters. This allows de-
termination of how an alteration of their values causes variations
on the computed distribution over time of solar particles at various
points throughout the solar system. The accuracy of the model has
been demonstrated.
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