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Solar Cycle Effects on Near-Earth Plasmas and Space Systems

D. J. Gorney*
The Aerospace Corporation, Los Angeles, California

Recently, solar physicists have predicted with ever-increasing confidence that the upcoming maximum of solar
activity, scheduled to occur near 1990, might be the most extreme ever recorded. Unfortunately, because of the
complex and sometimes indirect interactions between the sun and the plasma environment in near-Earth space,
very few firm quantitative predictions can be made regarding the expected effects of an extreme solar maximum
on the near-Earth environment or on the complex systems operating in that environment. However, a number of
qualitative predictions can be made with high confidence. Satellite communications links in the vhf/uhf range
will suffer signal fades more often and with greater severity. Short-wave and airline communications will be spo-
radically disrupted. Satellites will experience electrical charging of their surface and internal dielectric compo-
nents, resulting in disruptive electrostatic discharges, and microelectronic devices on satellites will experience
upsets more often. The purpose of this paper is to review the direct and indirect influences of solar activity on the
near-Earth plasma environment and on systems that operate within that environment.

Nomenclature
AE — auroral electrojet index
AL = auroral electrojet index (lower envelope)
AU = auroral electrojet index (upper envelope)
aa = 3-h planetary geomagnetic index,

derived from two antipodal stations
am = 3-h (mondial) geomagnetic index
ap — 3-h planetary geomagnetic index,

derived from Kp
Bx,By,Bz = Cartesian components of the interplane-

tary magnetic field
Dst = hourly geomagnetic index derived from

midlatitude stations
f0E, f0Fl,f0F2 = critical frequency of the ionospheric Ey

Fl, and F2 layers, respectively
hmE, hmFj = altitude of the ionization peak in the

ionospheric E and Fl layers, respectively
Kp = 3-h quasilogarithmic planetary geomag-

netic index
n = solar wind density
QE — effective 15-min geomagnetic index
R =sunspot number
T = local time
V - solar wind speed
6 = clock angle of the interplanetary mag-

netic field
EKp =24-hsumof ̂
X = solar zenith angle

Subscripts
a =auroral
o = ordinary mode of radio propagation
p = planetary
s = solar

Introduction

T HE regular variation of solar activity, which has come to
be known as the 11-yr sunspot cycle, was discovered in

the mid-19th century,1 '2 although documented scientific
observations of its existence extend as far as the 17th cen-
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tury.3'4 Perhaps the earliest recorded physical effects of solar
activity on man were intermittent telegraph outages5 in the
late 1850's. More recently, a large geomagnetic storm in 1956
severely impaired the operation of the first transatlantic voice
cable, and a cable system in the mid western U.S. was shut
down temporarily by geomagnetic effects as recently as 1972.
Throughout history, many soothsayers must have been influ-
enced by solar-produced "omens" such as dramatic visual
auroral displays in the night sky, and perhaps many influential
political or military messages were disrupted when carrier pi-
geons lost their way due to confusing magnetic signals during
active solar conditions; but the author will refrain from dis-
cussing these speculations further even though their effect on
human destiny might well overshadow the effects on modern
systems. Recently, solar physicists have predicted with ever-
increasing confidence that the upcoming maximum of solar
activity, scheduled to occur near 1990, might be the most ex-
treme ever recorded.6"10 It seems certain, based on the ob-
served rate of increase in solar activity starting with the most
recent minimum10 in 1986 (solar cycle 22), that the upcoming
solar maximum will be the most severe of those which have oc-
curred during the "space age" (i.e., solar cycles 20-22).

Correlations between solar activity and disturbances in the
near-Earth magnetospheric and ionospheric plasmas that ad-
versely affect communications and space systems are well
documented. The implementation of larger, more complex
(and perhaps more susceptible) space systems over the last
decade, at a time when the space environment might begin to
demonstrate its most hostile nature, has led to concern and
speculation about the expected performance and survivability
of these space systems over the next decade. Unfortunately,
because of the complex and sometimes indirect interactions
between the sun and the plasma environment in near-Earth
space,11'12 very few firm quantitative predictions can be made
regarding the expected effects of an extreme solar maximum
on the near-Earth environment or on the complex systems
operating in that environment. However, a number of qualita-
tive predictions can be made with high confidence. Satellite
communications links in the vhf/uhf range will suffer signal
fades and phase scintillation more often and with greater se-
verity13 (e.g.,>20 dB). Short-wave and airline communica-
tions will be sporadically disrupted, especially over the polar
regions. Disruptions may occur in electrical power distribution
systems on the ground. Satellites will experience increased
levels of electrical charging of their surface and internal dielec-
tric components, resulting in disruptive or even damaging elec-
trostatic discharges (ESD's). Microelectronic devices on satel-
lites (and to a lesser extent, high-flying aircraft) will experience
logic upsets more often.
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The purpose of this paper is to review the direct and indirect
influences of solar activity on the near-Earth plasma environ-
ment and on systems that operate within that environment.
The review concentrates on those major areas where our cur-
rent physical understanding of these interactions can lead to
firm predictions of the expected effects of an extreme solar
maximum on the near-Earth plasma environment.

The following section describes the near-Earth plasma envi-
ronment, including the ionosphere and magnetosphere. The
physically and operationally critical characteristics of the
magnetosphere/ionosphere system are identified, showing
how these characteristics are driven by solar activity. The ef-
fects of disturbances in the magnetosphere/ionosphere system
on the performance and survivability of communications and
space systems is also described. The third section of the paper
describes how various characteristics of the sun vary over the
solar activity cycle and how these variations transform into
solar-terrestrial effects. An effort is made to distinguish direct
from indirect effects, and to indicate which effects are phy-
sically well understood (and perhaps predictable) and which
are understood only synoptically. The final section offers a
summary and is intended to address the general question:
What if solar cycle 22 is the largest ever?

The Influence of Solar Activity on the Ionosphere
and Magnetosphere

Man-made electrical, satellite, and communications
systems are strongly affected by the near-Earth plasma envi-
ronments that comprise the ionospheric and magnetospheric
regions. Plasmas within the ionosphere, at altitudes from
50-500 km, arise from the ionization of neutral atmospheric
atoms and molecules by solar illumination and by the precipi-
tation of energetic charged particles (ions and electrons) from
space. Plasmas in the magnetospheric region are comprised of
ions and electrons that are energized, distributed, and con-
fined out to distances of several Earth diameters by complex
dynamical interactions between the Earth's own dipole mag-
netic field, the ionosphere, and the magnetized solar wind.
Thus, the sun (including its light output, its magnetic configu-
ration, and its output of solar wind), the magnetosphere, the
ionosphere, and the atmosphere are a coupled physical
system, whose responses to changes in solar activity are perva-
sive and complex. Individual man-made systems typically in-
teract with a very small segment of this coupled system, and it
can be very difficult to draw a straight line between cause and
effect when anomalous conditions occur. The goal of this sec-
tion is to summarize the major cause-and-effect relationships
between solar activity and conditions in the ionosphere and
magnetosphere.

The Earth's ionosphere is a (relatively) thin layer of par-
tially ionized magnetized plasma. Typical plasma densities in
the ionosphere14 range from 103-106 cm~3 , compared to neu-
tral densities of about 107-1016 cm~3. Because of the strong
coupling between the ionosphere and the sun, atmosphere,
and magnetosphere, the phenomenology of the ionosphere is
complex and has been under scientific examination for many
years. In order to categorize the various physical processes
which govern ionospheric structure, one must subdivide the
ionosphere into at least two or three layers in altitude, two or
three zones in latitude, and consider the day and night
ionosphere separately. No attempt will be made here to review
all of the fundamentals of ionospheric physics for each of
these regions, but it is necessary to point out some of the key
relationships between solar activity and ionospheric structure.

By far the most important subdivision of the ionosphere, es-
pecially at equatorial and midlatitudes, is that between day
and night. During the day, the most important ionizing agent
is direct solar illumination at ultraviolet (uv) wavelengths,
which contributes an averaging ionizing energy flux of about 5
erg/cm2-s. Photoionization balances collisional recombina-
tion in the E (90-120 km altitude) and F{ (-250 km) regions

of the ionosphere, with peak steady-state ionization densities
typically occurring in the 250-400 km altitude range. The peak
ionization density and the total column electron content
(TEC) of the ionosphere responds directly and abruptly to var-
iations in the solar uv radiation, and ~ 100% changes in these
quantities can occur essentially without warning during severe
solar flare conditions.15 Ultimately, the peak ionization den-
sity controls the maximum radio frequency that will execute
multiple-hop raypaths, and TEC affects frequency manage-
ment and range corrections for transionospheric communica-
tions, tracking, and navigational signals. The critical transmis-
sion frequencies of the ionosphere, corresponding to peak
ionization densities in the E and F regions, are called the/0£"
and/0Fj frequencies. The ionospheric critical frequencies are
important for frequency management of over-the-horizon
radio and radar systems. These frequencies can vary from 1-3
MHz in quiet solar conditions to > 15 MHz in very active con-
ditions. Navigational range errors caused by the effects of
TEC variations on space-based radio beacon transmissions are
usually small, but can be important for the most critical ap-
plications. At night, the solar-induced ionization densities col-
lapse rapidly (in seconds at low altitudes and in a few hours at
higher altitudes). This rapid collapse, along with dynamic ef-
fects near the dusk terminator, lead to the development of
ionization plumes and irregularities that also affect radio-
frequency propagation in the dusk to midnight local time
sector.13

The D region of the ionosphere, at about 80 km altitude,
also experiences abrupt and direct effects of solar activity.
Solar flare x rays and protons arrive at the Earth within
minutes of the occurrence of a solar flare. This radiation can
penetrate into the ionospheric D region and momentarily can
become the dominant ionization source there. The solar flare
protons generally gain access to the Earth at high latitudes
only, but can cause measurable increases in D region ioniza-
tion. These effects can be observed as increases in the absorp-
tion of cosmic radio noise, and the occurrences are called
polar cap absorption events. At times, fluxes of relativistic
electrons from interplanetary space can have significant ef-
fects on the ionospheric D region. Although the source of the
relativistic electrons is not thoroughly understood, the events
do show a (inverse) dependence on the solar cycle.16 The D re-
gion events can cause disruption of short-wave and airline
communications and can have deleterious effects on other re-
connaissance systems.

At high latitudes, the precipitation of energetic ions and
electrons from the magnetosphere and ionosphere (the same
particles that are responsible for stimulating the visible-light
emissions in auroral displays) is the dominant ionization
source. The magnitude of the precipitating particle flux varies
enormously, from less than one to several hundred ergs per
square centimeter second. The magnitude of the precipitation
is directly correlated with the occurrence of geomagnetic
1 'events," called storms and substorms, which can last from
several minutes to several days. The occurrence of geomag-
netic activity is caused by a complex set of interactions be-
tween the solar wind and the magnetosphere, discussed in
more detail later in this section. During these events,
ionospheric parameters such as f0E, f0F2, and TEC can vary
dramatically and can develop strong localized horizontal gra-
dients. The auroral zone is also the primary location for the
development of small-scale time-varying ionization irre-
gularities that can cause severe phase and amplitude scintilla-
tions (i.e., fades) at hf, vhf, and uhf frequencies.

During auroral events, strong electrical currents flow
through the high-conductance channels in the ionosphere
caused by localized ionization enhancements. These regions
experience resistive or Joule heating that can have conse-
quences for the energy balance of the neutral atmosphere (glo-
bal Joule dissipation rates as high as a terawatt are possible).
As a result of enhanced Joule heating, ''bulges" can develop
in the neutral atmosphere above — 100 km, affecting the tra-
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jectories of low-flying and re-entering satellites (in-track loca-
tion errors of several kilometers can occur in periods of
hours). The ionospheric current systems (known as "electro-
jets") cause other observable effects, including the induction
of electrical currents in large man-made conductors such as oil
pipelines, telegraph or telephone lines, and power distribution
grids.

The high-latitude ionosphere is strongly linked to the
magnetosphere by the geomagnetic field, and the variations of
the high-latitude ionosphere are mainly driven by a geomag-
netic activity whose origins lie within the magnetosphere.
Figure 1 shows a noon to midnight meridian cross section17 of
the typical configuration of the geomagnetic field within the
magnetosphere. The interaction of the solar wind, which flows
at supersonic speeds (250-800 km/s) relative to the Earth, with
the magnetosphere causes the formation of a bow shock at dis-
tances of ~ 10 Earth diameters upstream in the solar wind.
The region of hot compressed solar plasma between the bow
shock and the boundary of the magnetosphere (the magneto-
pause) is known as the magnetosheath. The "size" of the
magnetosphere varies greatly, and is mainly determined by a
balance between solar wind dynamic pressure and the mag-
netic pressure within the magnetosphere. The magnetospheric
tail, which extends hundreds of Earth diameters downstream
(well beyond lunar orbit), results from tangential forces of the
solar wind along the magnetopause. The magnetotail is a
poorly explored region of the magnetosphere, within which
much of the magnetospheric plasma energization is initiated.
Generally speaking, the outer portions of the magnetosphere
are the most dynamic and are most strongly affected by varia-
tions in solar wind conditions. These outer regions magneti-
cally "map" down into the ionosphere at very high latitudes.
The inner radiation belts, which contain the most energetic
and penetrating trapped radiation in the magnetosphere, do
not respond significantly to the external solar wind effects.
The inner portions of the magnetosphere map into the iono-
sphere at low latitudes, and these regions do not exhibit large
responses to changes in geomagnetic activity.

The interaction of the solar wind with the magnetosphere is
energetically quite efficient; it has been estimated that less
than 1% of the incident solar wind energy flux is ultimately
dissipated within the magnetosphere.18 The solar wind energy
couples into the magnetosphere more effectively when the in-
terplanetary magnetic field (IMF) has a large component in a
direction opposite to that of the geomagnetic field. The solar
wind-magnetosphere interaction sets up a large-scale convec-
tion pattern within the magnetosphere. Periods of "south-
ward" IMF and high solar wind velocities are well correlated

MAGNETOSHEATH
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RADIATION BELT AND
RING CURRENT

POLAR WIND

Fig. 1 Noon to midnight meridian cross-section view of the Earth's
magnetosphere.17

with enhancements of magnetospheric convection velocities.
The magnetospheric plasma drifts in a circulation pattern
from the day side "cusp" region tail ward over the polar caps,
into the tail "lobes," through the plasma sheet where it be-
comes nonadiabatically energized, then sunward again (being
adiabatically energized as it encounters higher magnetic field
strengths nearer the Earth) until the plasma finally exits the
day side magnetopause. The convection cycle is completed in
about 12-20 h. Periods of enhanced activity result in enhanced
fluxes of hot plasma within the magnetosphere, and enhanced
rates of precipitation of plasma into the high-latitude iono-
sphere and atmosphere.

The plasma sheet that forms amidst this convection process
contains hot plasma that can cause electrical charging of the
surfaces of satellites, particularly those in geosynchronous or-
bits.19'20 The Earthward edge of the plasma sheet penetrates
well inside of geosynchronous orbit during relatively high
levels of geomagnetic activity. As plasma-sheet particles drift
Earthward from the magnetotail, electrons tend to drift east-
ward (toward dawn) while ions drift westward (toward dusk).
The most severe satellite surface charging events (and resulting
electrostatic discharges) tend to occur in the midnight-to-dawn
local time sector, where satellites encounter high fluxes of hot,
drifting plasma-sheet electrons. The probability of occurrence
and the severity of spacecraft charging events are directly cor-
related with periods of enhanced geomagnetic activity,20 cor-
responding to periods of enhanced convection and plasma-
sheet energization. Severe spacecraft charging events tend to
occur during the equinox seasons, when geosynchronous satel-
lites enter and exit Earth eclipse once each day. In sunlight,
photoelectron flux emitted from the satellite tends to balance
current from the surrounding plasma. During eclipse, these
vehicles cannot emit a photoelectron flux to balance the hot
electron current from the plasma (~ 1-10 jiiA/m2), and electri-
cal charging of the vehicles to several kilovolts is possible.
Upon exiting eclipse, various surface materials discharge at
different rates, creating the possibility of large differential
potentials and discharges between external satellite components.

At altitudes below geosynchronous orbit, plasma motion is
dominated by the effects of the Earth's rotation. Low-energy
(thermal) electrons and ions execute more-or-less circular tra-
jectories around the Earth. The plasma trajectories are closed
in the sense that the particles do not escape from the magneto-
sphere in steady-state conditions. The dominant source of
low-energy plasma in this corotating region is the ionosphere.
The corotating region is known as the plasmasphere, and its
outer boundary is called the plasmapause. Because the drift
paths within the plasmasphere are closed and stable, relatively
high plasma densities can develop there (equatorial densities
of 100-1000 cm"3 can occur within the plasmasphere, com-
pared with densities of 0.1-10 cm"3 in the outer magneto-
sphere). Although the plasmaspheric plasma does not have
significant direct effects on spacecraft systems, the enhanced
plasma densities do affect communications (for example, up
to 10% of the total column electron content in a surface-to-
geosynchronous radio propagation path can be due to plasma-
spheric plasma). Also, the high plasma densities within the
plasmasphere tend to modify the rates at which high-energy
radiation belt particles are scattered into the ionosphere.
Thus, the distribution of low-energy plasma can affect other
magnetospheric and ionospheric particle populations through
secondary processes.

The radial position of the plasmapause is determined by the
relative strengths of the electric fields associated with magne-
tospheric convection (variable) and the Earth's rotation (con-
stant). During geomagnetically quiet conditions, the plasma-
sphere can extend outward beyond geosynchronous orbit.
During disturbed conditions, the outer portions of the
plasmasphere are swept away by enhanced magnetospheric
convection, and the plasmasphere might extend only one-
quarter of the distance to geosynchronous orbit. The erosion
of the outer plasmasphere during geomagnetic disturbances
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can occur within an hour of the onset of enhanced convection,
whereas the refilling of the plasmasphere can take days. Thus,
the distribution of plasma tends to be quite variable, and the
shape of the plasmasphere depends both on the strength and
on the time history of geomagnetic activity.

During extended intervals of enhanced geomagnetic activ-
ity, large fluxes of trapped penetrating (> several hundred
kiloelectron volts) electrons can develop within the outer elec-
tron zone and near geosynchronous altitudes. These pene-
trating electrons can become embedded within bulk dielectrics
on satellites (e.g., cable insulation, printed circuit boards)
building up electrical potentials over time that can exceed the
breakdown potential of the dielectric.21 Theoretical and ex-
perimental results22-23 have shown that breakdowns occur
when the integrated fluence of penetrating electrons exceeds
about 1012cm~2 in time periods shorter than the leakage
timescales of the dielectric (typically, several hours). These
fluence levels are often exceeded in geosynchronous orbit over
the several-day period following major geomagnetic storms.
Although the bulk-charging phenomenon can be eliminated
through the use of modest shielding,21 external unshielded
cables are used on many satellites, nevertheless. Weak dis-
charges resulting from bulk charging can cause spurious sig-
nals in the affected circuitry while more severe discharges can
damage some semiconductors. Although surface-charging
events tend to be isolated to the region of drifting plasma-
sheet electrons in the midnight to dawn local time sector, bulk
charging tends to occur at all local times because the pene-
trating electrons tend to be distributed more uniformly and be-
cause the phenomenon is a cumulative effect.

Obviously, the effects of solar activity on near-Earth
plasmas and, in turn, on man-made systems are quite varied in
magnitude, timescale, and predictability. It is reasonable to
classify the effects into two categories: 1) direct, abrupt ef-
fects, usually caused by rapid changes in solar uv and x-ray il-
lumination of the Earth's atmosphere and ionosphere during
the occurrence of solar flares, and 2) indirect effects that are
caused by more complex interactions between solar particles
and the solar wind on the coupled magnetosphere-ionosphere
system. The direct effects can be understood more easily, but
they are not necessarily any more predictable. Certainly, the
frequency of occurrence (although not necessarily the severity)
of optical and x-ray flares and solar proton events correlates
well with the 11-yr sunspot cycle,6 and an extreme solar maxi-
mum would almost certainly involve more major flare occur-
rences. Typically, the magnitude of the "background" solar
uv flux tracks the sunspot number fairly well, even though the
total visible radiation from the sun can be diminished slightly
(-1%) during occurrences of large (dark) sunspot groups.
The relationship between the solar cycle and the physical pa-
rameters of the solar wind that (indirectly) cause geomagnetic
disturbances at the Earth is more complicated and requires a
closer look.

Figure 2 shows a schematic drawing of the relationship be-
tween large-scale structures in the interplanetary magnetic
field and the Earth in its orbit around the sun.24 As the solar
wind expands outward from the sun, it tends to retain the
large-scale inhomogeneities that were present in the solar cor-
ona. The majority of the solar wind plasma flows outward
along open magnetic-field lines connected to coronal holes.25

Coronal holes are relatively cool regions of the corona that
generally occupy the polar regions of the sun, but can extend
to solar equatorial latitudes, especially during the declining
phase of the solar cycle.26 Typically, active regions on the sun
have a magnetic-field topology that is closed and dipole-like.
Solar wind outflow in coronal holes draws the solar magnetic-
field lines outward away from the sun in a configuration simi-
lar to that of the Earth's magnetotail. A current sheet (again
similar to that which forms in the Earth's magnetotail), shown
graphically in Fig. 2, separates magnetic fields whose polarity
is either " to ward" or "away from" the sun. Large-scale struc-
ture in the corona and solar wind produces the notable "warp-
ing" of the solar current sheet.27 The insert in the upper right
portion of Fig. 2 depicts the relationship between the position
of the Earth relative to the solar current sheet and the magne-
tic-field orientation. It is obvious that an observer at the Earth
experiences a magnetic-field orientation that is very much af-
fected by coronal inhomogeneities and by the position of the
Earth relative to the solar current sheet. Temporal variations
in the observed solar wind velocity and magnetic-field orienta-
tion and magnitude are caused by the coupled effects of the
solar wind outflow and the solar rotation, along with other
magnetohydrodynamic processes within the solar wind such as
shock formation, turbulence, waves, discontinuities, and
magnetic-field compressions due to large coronal mass ejec-
tions.28

Aside from the interplanetary magnetic-field configuration
depicted in Fig. 2, the most important solar wind features for
solar-terrestrial effects are solar wind streams. Figure 3 depicts
the basic characteristics of a solar wind stream,24 shown as a
cross section in the solar-ecliptic plane. The solar wind flows
radially outward from the rotating sun, carrying with it the
"frozen in" coronal magnetic field into a resulting spiral pat-
tern. A region of high-speed flow (the shaded region in Fig. 3),
which might result from the equator-ward protrusion of a cor-

Fig. 2 Schematic representation of the relationship between the
Earth's orbit and the warped solar current sheet.11 Insert shows the
configuration of the interplanetary magnetic field relative to the cur-
rent sheet.

Fig. 3 Solar-ecliptic cross section of the interaction of a high-speed
solar wind stream with the ambient solar wind.24



432 D. J. GORNEY J. SPACECRAFT

500

i>

400 -

20 K

15

10

1962I 631 64165 166 I 67 168 169 170 I 711 72173 I 74 1751
YEAR

Fig. 4 Six-month averages of the solar wind speed and the geomag-
netic-activity index ap.30

onal hole, also flows outward in a spiral pattern, but its spiral
is coiled less tightly than that of the slower-moving surround-
ing plasma. The high-speed stream thus flows outward
through the slower plasma, resulting in compression of the
plasma and the possibility of shock formation at distances
near the Earth's orbit.

A great deal of observational evidence supports the hypoth-
esis that the solar wind speed has a dominating influence on
geomagnetic activity and related phenomena. Figure 4 shows
stacked plots of 6-month averages of the solar wind speed and
of the global geomagnetic activity index #p.29'30 [The solar
wind data are from the Mariner 2 data set (1962) and from the
Vela and IMP spacecraft (1964-1975).] The ap index is a plan-
etary magnetic-activity index that has a roughly linear rela-
tionship to the magnitude of observed global geomagnetic de-
viations. The correspondence between the two plotted quanti-
ties is clear. For long-term averages (-months), the ap index
is found to correlate best with the square of the solar and wind
velocity, with a correlation coefficient greater than 0.8. (The
correlation is so good that many researchers of historical solar
data have been tempted to use geomagnetic-activity indices as
proxy data for solar-activity measurements.31'34) On shorter
time scales, which are more representative of the geomagnetic
events themselves ( — minutes to hours), the correlation be-
tween solar wind speed and geomagnetic activity is much
poorer. For these shorter time scales,35'36 the magnitude and
direction of the IMF appears to have a controlling influence
on the level of geomagnetic activity. Specifically, the occur-

rence of sustained intervals of an IMF with a significant south-
ward component is well correlated with the onset of geomag-
netic storms. However, the IMF is very poorly correlated with
geomagnetic activity over long time scales (the correlation co-
efficient between 6-month averages of the IMF Bz component
and the ap index is less than 0.03).30 It appears as though the
overall envelope of geomagnetic activity is well correlated with
the solar wind speed, while individual events may be "trig-
gered" or at least modulated by the IMF. Other solar wind pa-
rameters, such as the plasma density and temporal variances
of the speed and the IMF, have been found to correlate weakly
with the level of geomagnetic activity as well. Table 1 sum-
marizes a group of published empirical and theoretical rela-
tionships between solar wind parameters and various measures
of geomagnetic activity. 30'37~44

Functional relationships between solar wind and geomag-
netic parameters provide important information on the pro-
cesses that couple energy between the two systems. The rela-
tionships are also useful for scaling the effects of anticipated
enhancements in solar activity in terms of geophysical effects.
However, for practical purposes it would be more useful to be
able to predict the expected number and severity of individual
geomagnetic "events"than to have a clear understanding of
how average quantities might vary from year to year. As is the
case for many interactions between man and nature, the occa-
sional occurrence of extreme conditions (hurricanes, torna-
dos, volcanic eruptions, earthquakes, etc.) can be more critical
than longer-term variations. Certainly this is the case for
modern space systems. Unfortunately, the complexity of
solar-terrestrial interactions makes it difficult to predict events
or even to compile usable statistical information on geomag-
netic events.

A major part of the problem of studying geomagnetic activ-
ity in terms of "events" is depicted in Fig. 5. Figure 5 shows
several hypothetical representations of the coupling of energy
between the solar wind and the terrestrial system.11 If the in-
teraction were a purely driven process, the solar wind energy £
would couple directly into the magnetosphere and be dissi-
pated (UT), perhaps with some characteristic time delay r. The
time series of energy dissipation (a combination of particle en-
ergization, Joule heating of the atmosphere, auroral activity,
and other processes that affect man-made systems) would be
well correlated with the solar forcing and the terrestrial effects
would be easy to predict. In an unloading or triggered process,
the solar wind energy first would be stored, then released at
some later time, possibly by an independent triggering mecha-
nism. In an unloading system the onset, magnitude, and dura-
tion of a geomagnetic "event" need not be well correlated
with the forcing. Event prediction would require complete
knowledge of the energy-coupling process, the storage mech-
anism, and the triggering mechanism. In reality, the terrestrial
system exhibits characteristics of both a driven and a triggered

Table 1 Empirical and theoretical relationships
between geomagnetic activity and solar wind parameters

Geomagnetic-activity Functional relationship
Source reference
Snyder et al.37

Olbert38

Garrett et al.39

Murayama and Hakamada40

Burton et al.44

Crooker et al.30

Feynman and Crooker43

Maezawa41

Murayama42

index67

T,Kp

XKP

ap, AE
AE
Dst
ap
ap
aa
AL
AU
am
AL

to solar wind parameter(s)
ZKp = (V- 330)78.44
ZKp = (V- 262)76. 30
ap, AE = C{ + C2 VBZ + C3 V2

AE = CBZV2

dDst/dt^F(VBz)-ClDst
ap = 3.5x\Q-BzV2x\.9
QY) — 7 Ox 1 0 ~ ^ V2 — 1 8

aa — 1 3 ~ ( ~ 4 7 x l O ~ f l V
A j ^ o0.85 T/2.08/-s'n /Q\0.54

A t/~fi^'67 K1-1^(sin ^)^'34

flm~5L03K2-34(sin 0)°-37/2°-2

AL = 60(B;+0.5W2n°-"F(By)



NOV.-DEC. 1989 SOLAR CYCLE EFFECTS ON NEAR-EARTH PLASMAS 433
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INTERMEDIATE PROCESS

Fig. 5 Examples of energy coupling in a purely driven system, a
purely triggered system, and a complex system.11

system. Even worse, some individual events exhibit a mostly
driven character, while others respond as an unloading sys-
tem. Thus, it is difficult to predict which solar events will
cause the most extreme geomagnetic conditions. Also, this
complex coupling behavior can lead to difficulty in interpret-
ing statistical parameter correlations. In particular, some pa-
rameters that correlate on short time scales may not correlate
well for long-term averages, and parameters that correlate in a
long-term average may not be good predictors of individual
events. We have seen some evidence of this effect in the statis-
tical correlations between solar wind velocity or the IMF with
geomagnetic activity, and in the variety and occasional dispar-
ity between the parametric relationships listed in Table 1. It is
important to recognize that the formulations listed in Table 1
apply only on time scales characteristic of the averaging period
for the individual activity indices, and that none of the formu-
lations offer a true predictive capability for extreme events.

Relationship Between the Sunspot Cycle
and Geomagnetic Activity

The preceding section summarized the major interactions
between solar activity and the near-Earth plasma environ-
ment. Several processes that effectively couple solar electro-
magnetic or particulate energy into the magnetosphere/iono-
sphere/atmosphere system were identified, and numerous
potential effects on man-made communications and space sys-
tems were cited. A number of parametric relationships be-
tween solar and geophysical parameters were identified, and
the importance of individual geomagnetic * "events" was estab-
lished. The purpose of this section is to assess how those solar
parameters, which most directly affect the terrestrial plasma
environment, vary during a sunspot cycle and to examine the
relationship between the magnitude of the sunspot maximum
and the occurrence and magnitude of geomagnetic events.

Although sunspots themselves have virtually no effect on
geomagnetic activity, other solar parameters that do affect the
terrestrial environment (e.g., flares, coronal holes, solar wind
streams, etc.) tend to be modulated along with sunspot num-
bers in an 11-yr cycle. Also, the modulation amplitude of
many solar parameters tracks the sunspot number fairly
closely.45 Thus, we might expect geomagnetic activity to be
modulated at the 11-yr sunspot cycle period by acquain-
tance.39'46 Figure 6 shows this to be the case. Figure 6 plots
yearly averages of the sunspot number and an index of geo-
magnetic activity47 from 1869-1975, including data from solar
cycles 11-21. The geomagnetic-activity index shows a clear
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Fig. 6 Annual averages of sunspot number and geomagnetic activity
from 1870-1975.32

modulation corresponding to the 11-yr sunspot cycle. How-
ever, the annual averages of geomagnetic activity do not maxi-
mize at the time of sunspot maximum, nor do the cyclic peaks
of geomagnetic activity correspond in amplitude to the ampli-
tude of the nearest sunspot maximum. On closer inspection,
the geomagnetic index tends to have a double-peaked modula-
tion, with the major peak occurring during the declining
phase48 of the sunspot cycle and a secondary peak occurring
nearer to the sunspot maximum.49'50 The major peak is proba-
bly due to tendency for strong recurrent solar wind streams to
occur primarily during the sunspot declining phase. Both sun-
spots and coronal hole regions tend to occur primarily during
the sunspot declining phase. Both sunspots and coronal hole
regions tend to occur at progressively lower solar latitudes as
the sunspot cycle proceeds. Equatorial protrusions of coronal
holes are a major source of strong recurrent solar wind
streams, which are known to cause geomagnetic activity.51'52

The geomagnetic activity shows some evidence of a trend
toward increasing magnitudes over the past several solar
cycles.47'53 The trend is especially apparent in the cyclic mini-
mum values of the geomagnetic-activity index. This feature
has prompted some researchers to hypothesize a long-period
(~80-yr) cyclic behavior of solar wind parameters.54 If this
long-period modulation persists into the next solar cycle, we
might expect somewhat higher average levels of geomagnetic
activity even for typical values of sunspot numbers. As yet no
firm physical basis has been identified for the longer-period
behavior, and it would be risky to use the observed trend for
predictive purposes.

In light of the several recent predictions of enhanced sun-
spot activity for the upcoming solar cycle 22, it would be
useful to have some feeling for the overall relationship be-
tween the amplitude of the solar cycle and the magnitude of
geomagnetic activity (if any relationship exists). Does a large
sunspot number really mean enhanced geomagnetic activity?
A relationship, of sorts, does exist. Figure 7 plots annual aver-
ages of geomagnetic activity vs annual sunspot numbers47

from the same data set shown in Fig. 6. Although the linear
correlation between the two parameters is relatively poor, a
clear relationship between the parameters is apparent, never-
theless. Specifically, larger values of sunspot number seem to
exclude the possibility of occurrence of low levels of geomag-
netic activity. However, the highest values of geomagnetic ac-
tivity do not necessarily occur during the years of highest sun-
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Fig. 8 Histograms of solar wind speed distributions for the years
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spot numbers. The equation that represents the minimum
activity for a given value of sunspot number is47

##(ave) = 0.12/^ + 5.38 (1)

An interesting aspect of this relationship is that //the upcom-
ing solar maximum is historically extreme (i.e., sunspot num-
bers in excess of 200 or so), then the average level of geomag-
netic activity almost certainly will be historically extreme as
well.

Data points corresponding to the individual years of solar
cycle maxima are plotted with heavier points in Fig. 7. A
curious feature of these particular data points is that they all
lie very near the line of minimum geomagnetic activity. The
implication is that solar activity is less effective in coupling to
the terrestrial system during the solar maximum years than
during the declining phase of the solar cycle. Again, this be-

68 70 72 74 76 78 80 82 R4

Fig. 9 Monthly averages of sunspot number, geomagnetic activity,
and the interplanetary magnetic field z component for solar cycles 20
and 21.55

havior is due to the tendency for strong recurrent solar wind
streams to be spawned by low-latitude coronal holes late in the
solar cycle. If this relationship holds for solar cycle 22, the ac-
tual occurrence of an extreme solar maximum in 1990 or 1991
may be an excellent predictor of enhanced geomagnetic activ-
ity during the subsequent declining phase of the solar cycle.

In the preceding section, statistical results were presented
that demonstrated a strong correlation between solar wind
speed and geomagnetic activity. This relationship offers a rea-
sonable explanation for many features of the correlation and
phasing of the sunspot and geomagnetic activity cycles shown
in Fig. 6. Figure 8 shows histograms of the occurrence fre-
quency distributions of solar wind speed over a period span-
ning a complete solar cycle.29 The histograms are plotted
yearly, from 1962-1974. The arrow on each plot shows the av-
erage speed for each year. Note that the average solar wind
speeds are slightly enhanced in the solar maximum year 1968
and in the declining phase years 1962, 1973, and 1974. More
important, note that the occurence of extreme solar wind
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streams (speeds in excess of 700 km/s) occur much more often
in the declining phase years than in other phases of the solar
cycle. The occurrences of these extreme values of solar wind
speed are best correlated with the highest levels of geomag-
netic activity for this time period.

The interplanetary magnetic field also plays a significant
role in coupling solar wind energy to the magnetosphere.
Figure 9 shows monthly averages of sunspot number, the geo-
magnetic activity index aa, and the critical component of the
IMF (negative values of Bz correspond to the ''preferred"
southward fields) for solar cycles 20 and 21.55 Peaks of geo-
magnetic activity in the declining phase years (1973-1975 and
1981-1983) are evident. The plot of IMF Bz shows no signifi-
cant trend or correlation with the solar cycle or with the cycle
of geomagnetic activity. The monthly average values of IMF
Bz tend to be small (< 1 nT) compared to the average total
magnitude of the IMF (~5 nT). Other studies have shown
10-15% variations in IMF intensity in phase with the sunspot
cycle and a slight tendency for large IMF values (> 10 nT) to
occur more frequently within a few years of sunspot maxi-
mum,56 but no clear IMF modulation has been identified. The
implication of this result is that the IMF Bz component does
not manifest a controlling influence over the occurrence or
magnitude of geomagnetic activity on time scales comparable
to the solar cycle, but that short-term occurrences of south-
ward IMF are distributed throughout the solar cycle and act in
concert with solar wind streams to produce geomagnetic
events. Although the IMF may be an important parameter in
the physical coupling between the solar wind and magneto-
sphere on short time scales, it does not appear to carry any
long-term predictive qualities that could be projected into the
upcoming cycle.

The observed correlations between solar activity and geo-
magnetic activity imply that many communications and space
systems could be adversely affected during an extreme solar
maximum and for several years thereafter. It should be noted
that the cited correlations have used very crude indices of geo-
magnetic activity. Measurements of the solar-cycle dependen-
cies of the actual plasma parameters (i.e., plasma tempera-
ture, density, composition) that cause adverse effects such as
spacecraft charging are rare and difficult to accomplish.57'58

This difficulty arises from the finite lifetimes of experimental
satellites (typically much less than 10 yr) and from uncertain-
ties in cross calibration of instruments on different satellites.
In the case of magnetospheric plasmas, a crude measure of
geomagnetic activity may be the most practical indicator of
the expected environmental effects.

Somewhat more comprehensive data and more rigorous the-
oretical treatments are available for ionospheric effects. Typi-
cally, solar-illumination effects on the ionosphere tend to be
direct effects that are relatively easy to quantify. For example,
ionospheric critical frequencies are known to respond to varia-
tions in solar activity with the following (approximate)
dependence59:

f0F{ (MHz) = (4.3 + 0.01*) (cos X)b (2)

where &-0.5. The linear dependence on sunspot number im-
plies important consequences of an enhanced (e.g., /?~200)
solar maximum. Indeed, the effects of enhanced solar uv and
extreme ultraviolet (EUV) radiation on the ionosphere could
be the most global and most prolonged effects of the solar cy-
cle on the terrestrial system.

The ionospheric effects on communication links have been
studied for extended periods of time with a large variety of
measurement techniques. Some of the most effective measure-
ment techniques are the communications systems themselves,
from which qualitative but useful data on ionospheric
"weather" conditions can be acquired globally. Indeed,
skilled short-wave radio operators can sense, analyze, correct
for, and even utilize changing ionospheric conditions in near-
real time. More quantitative ionospheric sensing over the past
several decades has included riometry, backscatter radar,
ionosondes, in situ measurements from rockets and satellites,
topside ionospheric sounders, multiwavelength ionospheric
imagery, and ground-satellite radio beacon measurements.
Each of these sensing techniques has contributed immense
data sets over the years on both the large-scale and small-scale
ionospheric responses to changing solar and geomagnetic
conditions. Much of these data and related theoretical for-
mulations have been incorporated in numerical (parameter-
ized) ionospheric specification models for operational applica-
tions.45 Some specific examples of parameterized relationships
between solar or geomagnetic-activity indices and ionospheric
parameters are listed in Table 2.60~66 Note the relatively inde-
pendent nature of the global (midlatitude) and auroral (high
latitude) ionospheric effects.

In addition to the direct variations of ionospheric parame-
ters caused by solar or geomagnetic activity, the formation of
small-scale ionization irregularities can cause severe impacts
on vhf/uhf communications links.13 Time-vary ing small-scale
(< 1 km) irregularities can cause amplitude and phase scintilla-
tion of transionospheric radio links and tracking radar signals
at vhf through uhf frequencies. The effects of ionization irreg-

Table 2 Empirical relationships between solar-geomagnetic activity indices and ionospheric parameters
Source reference Ionospheric parameter (units) Functional relationship

Davies59 f0Flt MHz

Lloyd et al.61 hmFlt km

Elkins and Rush62 /o^soiar* MHz

Elkins and Rush62 hmE, km

Wakai63 hmE, km

Gassman64

and Vondrak et al.65 /0£aurorai> MHz

Gassman64

and Vondrak et al.65 hmEa, km

Wagner66 f0E, km

= 0.2 + 0.3(x-90)/15.5

f0Es=A(cosx)m[l -0.0038(12- 7)-0.00013ap]
m-0.25

hmE = 100 + 20£n(90x£)
XE = X (90/101) (x< 76.78 deg)

(x> 76.78 deg)

f0Ea = - 1.0 + !QE/5, 2.1<QE< 4.2
QE>4.2

fl-2), 2<f0Ea<1.5
hmEa = 145 - 10(/-0£fl - 3), 3.5 <f0Ea < 9

f0E= [\.5(f0Ea)* + (f0Ea)4 + (f0Es)4]l/4
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Fig. 10 Histograms of the occurrence frequency of signal fades at
Thule, Greenland, compared to monthly average sunspot number
from 1979-1986.13

ularities on transionospheric radio links have been studied
directly over the past several years through the use of space-
based radio beacons in low polar orbit, in geostationary orbit,
and on the Global Positioning System (GPS) satellites. By
positioning ground-based receivers at several sites worldwide,
and by operating the receivers continuously over several years,
comprehensive data on the effects of solar and geomagnetic
activity on the formation of ionospheric irregularities and on
the occurrence of signal fades have been acquired. Figure 10
shows an example of a long-term data set acquired from a vhf
(250 MHz) receiver at Thule, Greenland.13 The plot shows the
monthly average occurrence frequency of signal fades at four
different levels (> 5, > 10, > 15, and > 20 dB) over the
1979-1986 time period, spanning the solar cycle 21 maximum
and subsequent minimum. A clear correlation between the fre-
quency and severity of signal fades with sunspot number is evi-
dent. Note that severe (> 20 dB) signal fades can occur as
much as 50% of the time during solar maximum (weak fades
occur as much as 90% of the time), whereas even weak (5 dB)
fades occur less than 5% of the time during solar minimum
years. At high latitudes, seasonal modulation is as important
as any other factor in determining fade-occurrence frequency.
Kilometer-scale irregularities do not tend to occur during the
local summer solstice at high latitudes. Figure 10 shows that
extreme solar-activity levels certainly would be accomplished
by high frequencies of severe vhf fades at high latitudes. On
the other hand, signal fades (at vhf and uhf) are a relatively
common and important problem even during modest solar ac-
tivity.

Figure 11 summarizes the global-occurrence characteristics
of L-band fades for both solar maximum and minimum
periods13 (with some extrapolation of vhf results). Three re-
gions of ionospheric scintillation are identified: the equatorial
region in the postsunset local time period, the auroral band,
and the polar cap region. The most disturbed areas occur on
either side of the equator. Scintillation effects maximize where
the local magnetic dip angle is about 30 deg, with more moder-
ate levels of scintillation occurring directly over the equator.
Scintillation activity at higher latitudes tends to be more
moderate than that near the equator. Greater temporal vari-
ability at high latitudes leads to different rms phase deviations
and decorrelation times than for the same "intensity" of scin-
tillation at lower latitudes. At solar minimum, scintillation ac-
tivity in all three regions and at all frequencies is greatly
reduced. Near the equator, 5-dB fades at L-band are fairly un-
common. The most severe region tends to be the polar cap,
where the 5-dB fades can occur in patchy regions about 109/o
of the time. During solar minimum, rms phase deviations (at
250 MHz) rarely exceed 1 rad. For each of the plots shown in
Fig. 11, it should be noted that the scintillation levels at high

Fig. 11 Local-time-latitude plots of the regions and severity of signal
fades during solar maximum and minimum periods.13

latitudes are well correlated with occurrences of geomagnetic
activity, whereas the lower latitude scintillation occurrences
are not well correlated with geomagnetic activity.

Summary
The observed rate of increase in solar activity at the initia-

tion of solar cycle 22 has led to the anticipation that the activ-
ity during the solar maximum years, 1990-1991, may be the
most severe of any period during the space age. Solar activity
has many effects on man-made systems in space, on ground or
aircraft communications, and on communications systems
that penetrate the ionosphere. The effects of solar activity in-
clude prompt, direct effects that result from enhanced levels
of solar uv and x radiation, and the indirect effects of en-
hanced geomagnetic activity caused by the interaction between
the solar wind and the terrestrial magnetosphere-ionosphere-
atmosphere system. Aside from occasional solar radio-noise
bursts, solar activity itself does not cause substantial effects or
interference with man-made systems. More typically, en-
hanced solar activity causes changes in the terrestrial environ-
ment. Interactions between man-made systems and the dis-
turbed local environment account for the majority of solar
effects on these systems. The most prominent effects on space-
based systems include electrostatic discharges that result from
the interaction between satellites and the magnetospheric
plasma and penetrating radiation environment, single-event
phenomena that result from solar or galactic cosmic-ray im-
pacts within microelectronic devices, and communication or
tracking problems related to ionospheric disturbances.

Disturbances in the near-Earth plasma environment are
closely tied to solar wind characteristics. Statistical data, case
studies, and theoretical results indicate that the solar wind
speed is the most important factor that affects geomagnetic
activity over long time scales. This is an important result be-
cause the occurrence of high-speed solar wind streams is well
correlated with other measurable characteristics of solar activ-
ity such as sunspots. The interplanetary magnetic field, which
does not have a strong correlation with the solar cycle, has
been shown to correlate well with geomagnetic disturbances
on short time scales. Many empirical and theoretical relation-
ships exist that provide quantitative measures of the influence
of these solar wind parameters on geomagnetic activity levels,
but few of the results offer a true predictive capability for the
upcoming cycle.

For practical purposes, such as estimating the effects of
solar activity on operational space systems (for example, esti-
mating the expected incidence of severe surface or bulk charg-
ing events) or on communications systems (for example, esti-
mating the expected occurrences of severe "fades"), a method
for predicting severe individual geomagnetic "events" may be
more useful than relationships that correlate time-averaged
geophysical parameters. This is the case for other interactions
between man and his environment as well. Although it may be
useful to know whether it is going to be slightly warmer or
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colder tomorrow, it is more important to know if there is go-
ing to be a thunderstorm, and much more important to know
if a hurricane or tornado is expected. It is one thing to know
that you live near an active seismic fault, but quite another to
know when the "big one" is going to happen and how big it
will be. Unfortunately, solar-terrestrial physics (along with
meteorology and seismology) is at a very early stage in offer-
ing predictive capability for "events." However, it is safe to
say that //solar cycle 22 is historically extreme, then geomag-
netic activity and its related effects also will exhibit historical
levels during and for a few years after the solar maximum
years.

Acknowledgment
This work was supported by the Space Division of the U.S.

Air Force under Contract F04701-86-C-0087.

References
^chwabe, M., Astronomische Nachr, Vol. 21, 1849, p. 234.
2Schwabe, M., Bern Mitt, 1851, p. 41.
3Wolf, A. R., Astr. Mitt. Eidg. Stern., Vol. 10, 1858, p. 6.
4Galilei, G., "Letters on Sunspots, 1612," Discoveries and Opin-

ions of Galileo, Doubleday, 1957, pp. 106-119.
5Maggs, W., W., "Biggest Solar Maximum Coming?," EOS, Vol.

69, July 1988, p. 697.
6Hirman, J. W., Heckman, G. R., Greer, M. S., and Smith, J. B.,

"Solar and Geomagnetic Activity During Cycle 21 and Implications
for Cycle 22," EOS, Vol. 69, Oct. 1988, pp. 962-972.

7Kane, R. P., "Prediction of the Maximum Annual Mean Sunspot
Number in the Coming Solar Maximum Epoch," Solar Physics, Vol.
108, Feb. 1987, p. 415.

8Lantos, P. and Simon, P., "Prediction of the Next Solar Activity
Cycle," Proceedings of the 8th ESA Symposium on European Rocket
and Balloon Programs and Related Research European Space
Agency, ESA SP-270, 1987, pp. 451-453.

9Schatten, K. H. and Sofia, S., "Forecast of an Exceptionally
Large Even-Numbered Solar Cycle," Geophysical Research Letters,
Vol. 14, June 1987, pp. 632-635.

loThompson, R. J., "The Rise of Solar Cycle 22," IPS Radio and
Space Service, IPS TR-88-01, 1988.

HAkasofu, S.-I., "Energy Coupling Between the Solar Wind and
the Magnetosphere," Space Science Reviews, Vol. 28, Feb. 1981, pp.
121-190.

12Crooker, N. U. and Siscoe, G. L., "The Effect of the Solar Wind
on the Terrestrial Environment," Physics of the Sun, Vol. 3, Reidel,
Dordrecht, Holland, 1986, pp. 193-249.

13Basu, S., MacKenzie, E., and Basu, S., "Ionospheric Constraints
on VHF/UHF Communications Links During Solar Maximum and
Minimum Periods," Radio Science, Vol. 23, May-June 1988, pp.
363-378.

14Jasperse, J. R., "Sources and Characteristics of the Terrestrial
Ionosphere," Physics of Space Plasmas, SPI Conference Proceedings
and Reprint Series, Vol. 4, Scientific Publishers, Inc., Cambridge,
MA, 1981, pp. 37-52.

15Mendillo, M., Klobuchar, J. A., Fritz, R. B., da Rosa, A. V.,
Kersley, L., Yeh, K. C., Flaherty, B. J., Rangaswamy, S., Schmid,
P. E., Evans, J. V., Schodel, P., Matoukas, D. A., Koster, J. R.,
Webster, A. R., and Chin, P., "Behavior of the Ionospheric FRegion
During the Great Solar Flare of August 7, 1972," Journal of Geophy-
sical Research, Vol. 79, Feb. 1974, pp. 665-672.

16Baker, D. N., Blake, J. B., Gorney, D. J., Higbie, P. R.,
Klebesadel, R. W., and King, J. H., "Highly Relativistic Magneto-
spheric Electrons: A Role in Coupling to the Middle Atmosphere?,"
Geophysical Research Letters, Vol. 14, Oct. 1987, pp. 1027-1030.

17Rosenbauer, H., Grunwaldt, H., Montgomery, M. D.,
Paschmann, G., and Sckopke, N., "Heos 2 Plasma Observations in
the Distant Polar Magnetosphere: The Plasma Mantle," Journal of
Geophysical Research, Vol. 80, July 1975, pp. 2723-2737.

18Hill, T. W., Magnetospheric Boundary Layers, European Space
Agency, Paris, ESA-SP-148, 1979, p. 325.

19DeForest, S. E., "Spacecraft Charging at Synchronous Orbits,"
Journal of Geophysical Research, Vol. 77, Jan. 1972, pp. 561-569.

20Mizera, P. F. and Boyd, G., "A Summary of Spacecraft Charg-
ing Results," Journal of Spacecraft and Rockets, Vol. 20, Sept.-Oct.
1983, pp. 438-443.

21Vampola, A. L., "Thick Dielectric Charging on High-Altitude
Spacecraft," Journal of Electrostatics, Vol. 20, Jan. 1987, pp. 21-30.

22Wenaas, E. P., "Spacecraft Charging Effects by the High-
Energy Natural Environment," IEEE Transactions on Nuclear Sci-
ence, Vol. NS-24, 1977, pp. 2281-2284.

23Beers, B. L., "Radiation-Induced Signals in Cables," IEEE
Transactions on Nuclear Science, Vol. NS-24, 1977, pp. 2429-2434.

24Hundhausen, A. J., Coronal Expansion and Solar Wind,
Springer-Verlag, New York, 1972, p. 135.

25Hundhausen, A. J., Coronal Holes and High Speed Streams,
Colorado Assoc. Univ. Press, Boulder, CO, 1977, p. 225.

26Broussard, R. M., Sheeley, N. R., Jr., Tousey, R., and Under-
wood, J. H., "A Survey of Coronal Holes and Their Solar Wind
Associations Throughout Sunspot Cycle 21," Solar Physics, Vol. 56,
Jan. 1978, pp. 161-183.

27Schulz, M., "Interplanetary Sector Structure and the Helio-
magnetic Equator," Astrophysical Space Science, Vol. 24, Oct. 1973,
pp. 371-384.

28Gonzalez, W. D. and Tsurutani, B. T., "Criteria of Interplane-
tary Parameters Causing Intense Magnetic Storms," Planetary Space
Science, Vol. 35, Sept. 1987, pp. 1101-1109.

29Gosling, J. T., Ashbridge, J. R., Bame, S. J., and Feldman,
W. C., "Solar Wind Speed Variations: 1962-1974," Journal of
Geophysical Research, Vol. 81, Oct. 1976, pp. 5061-5070.

30Crooker, N. U., Feynman, J., and Gosling, J., "On the High
Correlation Between Long-Term Averages of Solar Wind Speed and
Geomagnetic Activity," Journal of Geophysical Research, Vol. 82,
May 1977, pp. 1933-1937.

31 Russell, C. T., "On the Possibility of Deducing Interplanetary
and Solar Parameters from Geomagnetic Records," Solar Physics,
Vol. 42, Jan. 1975, pp. 259-268.

32Feynman, J., and Silverman, S. M., "Auroral Changes During
the Eighteenth and Nineteenth Centuries and Their Implications for
the Solar Wind and the Long-Term Variation of Sunspot Activity,"
Journal of Geophysical Research, Vol. 85, June 1980, pp. 2991-2997.

33Schroder, W., "Aurorae During the Maunder Minimum," Mete-
orological and Atmospheric Physics, Vol. 38, Jan. 1988, pp. 246-251.

34Silverman, S. M., "The Visual Aurora as a Predictor of Solar
Activity," Journal of Geophysical Research, Vol. 88, Oct. 1983, pp.
8123-8128.

35Baker, D. N., Bargatze, L. F., and Zwickl, R. D., "Magneto-
spheric Response to the IMF: Substorms," Journal of Geomagnetism
and Geoelectricity, Vol. 38, Oct. 1986, pp. 1047-1073.

36Baker, D. N., Zwickl, R. D., Bame, S. J., Hones, E. W., Jr.,
Tsurutani, B. T., Smith, E. J., and Akasofu, S. -L, "An ISEE 3
High Time-Resolution Study of Interplanetary Parameter Correla-
tions With Magnetospheric Activity," Journal of Geophysical
Research, Vol. 88, Aug. 1983, pp. 6230-6242.

37Snyder, C. W., Neugebauer, M., and Rao, U. R., "The Solar
Wind Velocity and Its Correlation with Cosmic-Ray Variations and
Geomagnetic Activity,"Journal of Geophysical Research, Vol. 68,
Dec. 1963, pp. 6361-6370.

38Olbert, S., Physics of the Magnetosphere, Reidel, Dordrecht,
Holland, 1960, p. 641.

39Garrett, H. B., Hassler, A. J., and Hill, T. W., "Influence of
Solar Variability on Geomagnetic Activity," Journal of Geophysical
Research, Vol. 79, Nov. 1974, pp. 4603-4610.

40Murayama, T. and Hakamada, K., "Effects of Solar Wind Pa-
rameters on the Development of Magnetospheric Substorms," Plane-
tary Space Science, Vol. 23, Jan. 1975, pp. 75-91.

41Maezawa, K., Quantitative Modeling of Magnetospheric Pro-
cesses, American Geophysical Union, Washington, DC, 1979, p. 436.

42Murayama, T., Magnetospheric Study 1979, Japanese Interplane-
tary and Magnetospheric Sciences Committee, Tokyo, 1979, p. 296.

43Feynman, J. and Crooker, N. U., "The Solar Wind at the Turn
of the Century," Nature, Vol. 275, Oct. 1978, pp. 626-627.

^Burton, R. K., McPherron, R. L., and Russell, C. T., "An
Empirical Relationship Between Interplanetary Conditions and
At," Journal of Geophysical Research, Vol. 80, Oct. 1975, pp.
4204-4214.

45Hirshberg, J., "The Solar Wind Cycle, the Sunspot Cycle, and
the Corona," Astrophysics and Space Sciences, Vol. 20, Aug. 1973, p.
473.

46Mayaud, P. N., "Analysis of Storm Sudden Commencements for
the Years 1868-1967," Journal of Geophysical Research, Vol. 80,
Jan. 1975, pp. 111-122.

47Feynmann, J., "Geomagnetic and Solar Wind Cycles:
1900-1975," Journal Geophysical Research, Vol. 87, Aug. 1982, pp.
6153-6162.

48Gosling, J. T., Ashbridge, J. R., and Bame, S. J., "An Unusual
Aspect of Solar Wind Speed Variations During Solar Cycle 20," Jour-
nal of Geophysical Research, Vol. 82, Aug. 1977, pp. 3311-3314.



438 D. J. GORNEY J. SPACECRAFT

4yNewton, H. W., "Sudden Commencements in the Greenwich
Magnetic Records (1879-1944) and Related Sunspot Data," Monthly
Notice Royal Astronomical Society, Vol. 5, 1948, pp. 159-185.

50Ohl, A. I., "Physics of the 11-year Variation of Magnetic Distur-
bances," Geomagnetic Aeronomy, Vol. 11, Nov. 1971, p. 549.

51Neupert,W. M. and Pizzo, V., "Solar Coronal Holes as Sources
of Recurrent Geomagnetic Disturbances," Journal of Geophysical
Research, Vol. 79, Sept. 1974, pp. 3701-3709.

52Sheeley, N. R., Jr. and Harvey, J. W., "Coronal Holes, Solar
Wind Streams, and Geomagnetic Disturbances during 1977 and
1978," Solar Physics, Vol. 70, Feb. 1981, pp. 237-247.

53Feynman, J., "Implications of Solar Cycle 19 and 20 Geomag-
netic Activity for Magnetospheric Processes,"Geophysical Research
Letters, Vol. 7, Nov. 1980, pp. 971-973.

54Gleissberg, T., "The Eighty-Year Solar Cycle in Auroral Fre-
quency Numbers," Journal of the British Astronomical Association,
Vol. 75, Jan. 1965, p. 227.

55Akasofu, S.-I., "ANoteon Variations of the IMF Bz andtheAE
Index Between 1966 and 1984 in Terms of Monthly and Yearly Aver-
ages," Journal of Geophysical Research (to be published).

56King, J. H., "Solar Cycle Variations in IMF Intensity," Journal
of Geophysical Research, Vol. 84, Oct. 1979, pp. 5938-5940.

57Yau, A. W., Beckwith, P. H., Petersen, W. K., and Shelley,
E. G., "Long-Term (Solar Cycle) and Seasonal Variations of Upflow-
ing Ionospheric Ion Events at DE 1 Altitudes," Journal of Geophy-
sical Research, Vol. 90, July 1985, pp. 6395-6407.

58Collin, H. L., Petersen, W. K., and Shelley, E. G., "Solar Cycle
Variation of Some Mass-Dependent Characteristics of Upflowing
Beams of Terrestrial Ions," Journal of Geophysical Research, Vol.
92, June 1987, pp. 4757-4762.

59Davies, K., "Ionospheric Radio Propagation," National Bureau
of Standards, Gaithersburg, MD, Monograph 80, 1965.

60Tascione, T. F., Kroehl, H. W., Creiger, R., Freeman, J. W.,
Jr., Wolf, R. A., Spiro, R. W., Hilmer, R. V., Shade, J. W., and
Hausman, B. A., "New Ionospheric and Magnetospheric Specifica-
tion Models," Radio Science, Vol. 23, May-June 1988, pp. 211-222.

61Lloyd, J. L., Haydon, G. W., Lucas, D. L., and Teters, L. R.,
"Estimating the Performance of Telecommunications Systems Using
the Ionospheric Channel," Techniques for Analyzing Ionospheric Ef-
fects on HF Systems, Vol. 1, Institute for Telecommunication Serv-
ices, Boulder, CO, 1978, pp. 120-125.

62Elkins, T. J. and Rush, C. M., "A Statistical Predictive Model of
the Polar Ionosphere," Air Force Cambridge Research Lab., Bed-
ford, MA, Rept. AFCRL TR-0331, 1973.

63Wakai, N., "Quiet and Disturbed Structure and Variations of the
Nighttime E Region," Journal of Geophysical Research, Vol. 72,
Sept. 1967, pp. 4507-4517.

64Gassman, G. J., "Analog Model 1972 of the Arctic Ionosphere,"
Air Force Cambridge Research Lab., Bedford, MA, Rept. AFCRL
TR-0305, 1973.

65Vondrak, R. R., Smith, G., Hatfield, V. E., Tsunode, R. T.,
Frank, V. R., and Perreault, P. D., "Chatanika Model of the High-
Latitude Ionosphere for Application to HF Propagation Prediction,"
SRI Inc., Menlo Park, CA, Rept. 6056, RADC-TR-78-7, 1978.

66Wagner, R. A., "Modeling the Auroral E Layer," Air Force
Cambridge Research Lab., Bedford, MA, Rept. AFCRL TR-0305,
1972.

67Mayaud, P. N., "Derivation, Meaning, and Uses of Geomag-
netic Indices," Geophysical Monograph 22, American Geophysical
Union, Washington, DC, 1980.

Dynamics of Reactive Systems,
Part I: Flames and Part II: Heterogeneous Combustion and
Applications anA Dynamics of Explosions
A.L Kuhl, J.R. Bowen, J.C. Leyer, A. Borisov, editors

Companion volumes, these books embrace the topics of explosions, detonations, shock phenomena, and
reactive flow. In addition, they cover the gasdynamic aspect of nonsteady flow in combustion systems, the
fluid-mechanical aspects of combustion (with particular emphasis on the effects of turbulence), and diagnos-
tic techniques used to study combustion phenomena.

Dynamics of Explosions (V-114) primarily concerns the interrelationship between the rate processes of
energy deposition in a compressible medium and the concurrent nonsteady flow as it typically occurs in
explosion phenomena. Dynamics of Reactive Systems (V-113) spans a broader area, encompassing the
processes coupling the dynamics of fluid flow and molecular transformations in reactive media, occurring
in any combustion system.

V-113 1988 865 pp., 2-vols. Hardback
ISBN 0-930403-46-0

-r ^ j «/ •» m. C-AV AIAA Members $84.95To Order, Write, Phone, or FAX Nonmembers $125.00
/n ̂  M Jl A^ Order Department ___________

V-114 1988 540 pp. Hardback
ISBN 0-930403-47-9
AIAA Members $49.95
Nonmembers $84.95

American Institute of Aeronautics and Astronautics
370 L'Enfant Promenade, S.W. • Washington,DC 20024-2518
Phone: (202) 646-7444 • FAX: (202) 646-7508

Postage and Handling $4.50. Sales tax: CA residents add
7%, DC residents add 6%. All orders under $50 must be
prepaid. All foreign orders must be prepaid. Please
allow 4-6 weeks for delivery. Prices are subject to
change without notice.

945


