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Abstract Anthropogenic effects on the space environment started in the late
19th century and reached their peak in the 1960s when high-altitude nuclear
explosions were carried out by the USA and the Soviet Union. These explosions
created artificial radiation belts near Earth that resulted in major damages
to several satellites. Another, unexpected impact of the high-altitude nuclear
tests was the electromagnetic pulse (EMP) that can have devastating effects
over a large geographic area (as large as the continental United States). Other
anthropogenic impacts on the space environment include chemical release ex-
periments, high-frequency wave heating of the ionosphere and the interaction
of VLF waves with the radiation belts. This paper reviews the fundamental
physical process behind these phenomena and discusses the observations of
their impacts.
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1 Introduction

The “victory” of Nikola Tesla’s alternating current (AC) as implemented by
George Westinghouse (to whom Tesla sold most of his patents) over Thomas
Edison’s direct current (DC) as the means to power and to light up the U.S.
and the world beginning in the late 19th century can be considered the ini-
tiation point of potential anthropogenic modifications of Earth’s space en-
vironment. However, it was not until nearly a century later when the very
quiet electromagnetic environment of Siple Station, Antarctica, came online
that the evidence of power line harmonic radiation was discovered in Earth’s
magnetosphere [Helliwell et al.| (1975)).

Since this report by the Stanford group, a considerable number of ground-
and space-based studies have been published that have examined the poten-
tial effects of these harmonics in the VLF range on the electron population
of the magnetosphere. The published discussions have ranged from “control”
of the magnetosphere (through actions on, or production of, chorus emissions;
(e.g. [Bulloughl [1983; [Luette et al., [1979; [Park and Helliwell, 1977; [Parrot),
1994)) to considerable skepticism (e.g. [Tsurutani et al., [1979; Tsurutani and
Thorne, [1981)). The possible effects on the space environment of human activ-
ities via use of electrical power sources in industrial activities have also been
reported from statistical analyses of weekly variations in geomagnetic activity
(e.g. [Fraser-Smith) [1979; |Park and Miller, 1979), and refuted from other anal-
yses (e.g. Karinen et al.| 2002). While it is agreed that anthropogenic power
line harmonic radiation does exist in the magnetosphere, the magnitude of any
effects of this radiation on the trapped electron populations remains uncertain.

Another persistent anthropogenic radiation in the magnetosphere is that
produced by the widespread distribution of VLF and RF transmitters around
the world. The radiation from these transmitters, used for navigation and com-
munications, is known to disturb the trapped electron population of the mag-
netosphere. In addition, over several decades, purposeful VLF transmissions in
the form of controlled experiments have been conducted from spacecraft and
from the ground (one of the more notable and long-lasting set of ground ex-
periments was from Siple Station, beginning in the early 1970s and extending
to the late 1980s). These topics are addressed in Section

In addition to purposeful short-term VLF radiation experiments to un-
derstand wave growth and trapped particle interactions, a number of other
short-term experimental techniques have been developed and exploited over
time. The most dramatic of these were the explosion of nuclear bombs in the
near-space environment, discussed in Section 2] While these nuclear exper-
iments were short term, their effects on the space environment in terms of
enhanced radiation belt electrons persisted for weeks and months, forming ar-
tificial radiation belts (Section 7 with damaging radiation effects on flying
spacecraft, as described in Section [l The geophysical and geomagnetic effects
of these explosions are reviewed in Section

Other short-term experiments directed toward specific understanding goals
and with limited lasting effects on the magnetosphere include the injection of
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clouds of barium into the ionosphere and lower altitude magnetosphere, and
the heating of the ionosphere by high power RF transmitters. Ionosphere RF
heating experiments have had several objectives, including the generation of
ULF waves with f <1 Hz. Such waves, if propagated into the magnetosphere,
could potentially interact with the gyro frequency of magnetosphere ions, as
VLF waves do with electrons. These topics are discussed inSection [9}

The exhaust from launches of large rockets and the controlled firings of
the engines of the space shuttles were used specifically for modifications of
the ionosphere — the production of ionosphere “holes” (e.g. Meier et al., 2011}
Mendillo et al., [1987; Mendillo, [1981f). Such holes can change the propagation
conditions for ground-to-satellite (and the reverse) signals, and can in some
instances enable the measurement of galactic cosmic radio noise at frequencies
lower than normally possible under the conducting ionosphere.

At times, other possibilities of exciting ULF waves from the ground into
the magnetosphere have been discussed. Generation possibilities have included
large current loops on Earth’s surface, vertical or horizontal dipoles, and driv-
ing a current in seawater around a peninsula (Fraser-Smith) [1981)). [Fraser-
Smith and Coates| (1978) reported ULF noise in ground-based measuring sys-
tems that is produced by the San Francisco BART (Bay Area Rapid Transit)
system. No evidence of such frequency noise propagating into the magneto-
sphere has been reported. This BART-effect is similar to the long-recognized
magnetic noise that is produced by trains passing in the vicinity of a magnetic
field measuring site.

The permanent existence, and growth, of power grids and of VLF trans-
mitters around the globe means that it is unlikely that Earth’s present-day
space environment is entirely “natural” — that is, that the environment today
is the environment that existed at the onset of the 19th century. This can
be concluded even though there continue to exist major uncertainties as to
the nature of the physical processes that operate under the influence of both
the natural environment and the anthropogenically-produced waves. As new
techniques are considered for human modification of elements of Earth’s space
environment, it is important to carefully assess the short-term and long-term
implications of anthropogenic modifications in order to arrive at final experi-
ment design, and even decision to proceed.

2 High-Altitude Nuclear Explosions

Missiles that could launch the Soviet Sputnik satellite could also deliver weapons
across the world. At the Livermore branch of the Lawrence Radiation Labo-
ratory (now the Lawrence Livermore National Laboratory) where he was em-
ployed, Nicholas Christofilos proposed in October 1957 (just after the launch
of Sputnik and months before the discovery of the Van Allen Radiation belts)
a defensive way to intercept and destroy intercontinental missiles (see pp 55-
56 in |Finkbeiner} 2006]). By exploding a nuclear bomb in the atmosphere, the
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electrons from the fission process would be trapped in Earth’s magnetic field.
This huge cloud of trapped electrons would destroy an incoming missile.

Christofilos’s idea was followed up and supported by the Director of the
Advanced Research project Agency (ARPA), Herbert York, as the Argus ex-
periments in 1958 (Christofilos| [1959alb). The Argus shots demonstrated the
feasibility of the concept and also showed that such injections of electrons could
damage spacecraft flying through such a cloud: anthropogenic space weather.
Thus, explosions of nuclear devices could be offensive as well as Christofilos’s
original proposal of defense against missiles. The electromagnetic pulse (EMP)
that could be produced by the high altitude explosion of a nuclear device was
only observed following the Starfish Prime event of July 9, 1962. A list of
high-altitude nuclear explosions is given in Table

Designation Country Date Altitude Yield (kt)
Yucca USA Apr 28, 1958 26 km 1.7

Teak USA Aug 1, 1958 77 km 3.8 x103
Orange USA Aug 12, 1958 43 km 3.8 x103
Argus I USA Aug 27, 1958 200 km 1.7
Argus 11 USA Aug 30, 1958 240 km 1.7
Argus II1 USA Sep 6, 1958 540 km 1.7
Test#88 USSR Sep 6, 1961 23 km 10.5
Test#115 USSR Oct 6, 1961 41 km 40
Test#127 USSR Oct 27, 1961 150 km 1.2
Test#128 USSR Oct 27, 1961 300 km 1.2
Starfish Prime USA Jul 9, 1962 400 km 1.4 x103
Checkmate USA Oct 20, 1962 147 km 7
Test#184 USSR Oct 22, 1962 290 km 300
Bluegill Triple Prime  USA Oct 26, 1962 50 km 410
Test#187 USSR Oct 28, 1962 150 km 300
Kingfish USA Nov 1, 1962 97 km 410
Test#195 USSR Nov 1, 1962 59 km 300

Table 1 List of high-altitude nuclear explosions (Wikipedia contributors] [2016)

The EMP generated by a high altitude nuclear explosion is one of a small
number of threats that can hold our society at risk of catastrophic conse-
quences. The increasingly pervasive use of electronics of all forms represents
the greatest source of vulnerability to attack by EMP. When a nuclear explo-
sion occurs at high altitude, the EMP signal it produces will cover the wide
geographic region within the line of sight of the detonation. This broad band,
high amplitude EMP, when coupled into sensitive electronics, has the capa-
bility to produce widespread and long lasting disruption and damage to the
critical infrastructures that underpin the fabric of U.S. society.

It was recognized in the 1950s that atmospheric nuclear explosions have
vastly different EMP effects depending on the geomagnetic location and burst
altitude. Fig. [ shows images of atmospheric nuclear bursts carried out by the
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U.S. over Johnston Island (geomagnetic latitude 10.5°) during the 1958-1962
time period (Foster et al., [2008)).

Fig. 1 From left to right, the Orange, Teak, Kingfish, Checkmate, and Starfish high-altitude
nuclear tests conducted in 1958 and 1962 by the United States near Johnston Island in the
mid-Pacific (from |[Foster et al., |2008]).

From the very first nuclear test in July 1945 on, electromagnetic effects
were always a threat for experimenters trying to record weapon performance
data electronically. With bunkered and electrically shielded apparatus, data
could be recorded successfully, but the power supplies used to convert AC
current to direct current for the vacuum tubes would be burned out after the
event.

Around 1960, questions were raised about possible damaging effects of
EMP on the Minuteman missile system, which was in development at that
time. This system was supposed to be able to launch retaliatory missiles after
being subjected to nuclear attack. It was suggested that a large nuclear burst
in the missile farms could expel the geomagnetic field from a large volume
of air and ground, rapidly changing the magnetic flux. This would induce
currents in cables that might be large enough to burn them out, preventing
the retaliatory launches.

The Argus nuclear tests were the first experiment to explode nuclear weapons
above the dense atmosphere. While these tests produced some interesting ef-
fects, the yield of the fission device (1.7 kt) was not large enough to produce
electromagnetic effects over a wide area.

High-altitude nuclear EMP (HEMP) is a complex multi-pulse phenomenon,
usually described in terms of three components, “E1” (early phase), “E2” (in-
termediate phase) and “E3” (late phase, or MHD phase). A concise summary
of these phases is shown in Fig. [2| Since the E2 phase is often compared to
lightning the figure also shows a typical electromagnetic signal from lightning.

2.1 E1 Phase

The true importance of the early phase of HEMP was revealed by the three
high-altitude devices exploded at 400 km (Starfish), 97 km (Kingfish) and 50
km (Bluegill) altitudes that showed early electric field pulses of tens of kV/m
peaking around 10 ns and lasting about a us (see Fig. . The extremely short
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duration of the initial signal presented a puzzle that was solved by Conrad
Longmire in 1964. Two decades later published an unclassi-
fied report that explains the fundamental physics of the early phase EMP (the
E1 phase).

Fig. [3] shows a general diagram of the E1 HEMP process. A nuclear burst
puts out a fast pulse of gamma rays. This thin shell of photons streams out-
ward, including downward toward the Earth and its exponentially increas-
ing air density. Once low enough in altitude, the gammas start striking air
molecules, knocking electrons off (which mostly move outward from the ex-
plosion). The Earth’s magnetic field causes the electrons to turn coherently
looping around the magnetic field, and this constitutes an electric current,
which generates an EM signal, much like the currents on a transmitting loop
antenna (magnetic dipole). This EM field propagates downward as an EM

wave — the E1 signal. This process was first explained by (1986)).

Fig. 3  General basis Y = gammas

of the E1 HEMP genera- e Burst , = Compton electrons
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in the Earth’s geomagnetic f
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Longmire, (1986)) explains the basic physics of the E1 pulse in terms of an
oversimplified “flat Earth” scenario. While this scenario is clearly unphysical,
it clarifies the basic physics and explains the extremely short duration of the
initial pulse. Here we briefly outline his derivation.

2.1.1 Gammas and Compton electrons

Nuclear bombs emit a small fraction, of the order of 0.3%, of their energy
in gamma rays. Thus a 1 Mt bomb, which produces total energy of about
4.2 x 10'® J may emit 3 kilotons or about 1.2 x 10'3 J in gamma rays with
a typical average energy of 2 MeV (3.2 x 10713 J). Thus the total number of
gammas emitted by a 1 megaton bomb may be of the order N, ~ 4 x 10%
gammas.

The principal interaction of gamma rays with air molecules is Compton
scattering. In this process, the gamma collides with an electron in the air
molecule and knocks it out. In so doing, the gamma transfers part of its en-
ergy (on the average about half) to the electron, and is scattered into a new
direction. The Compton recoil electron goes generally near the forward direc-
tion of the original gamma, thus a directed flux of gammas produces a directed
electric current of Compton recoil electrons (see Fig. [4]).

A ~2 MeV gamma penetrates an air column of ~220 kg/m? before it is
scattered. Assuming that the mass of the air column above the burst altitude
is negligible (this was certainly true for the Starfish experiment) the gammas
will have their first collision at an altitude above which the column density
of air is ~220 kg/m?2. This altitude is around zo = 30 km. Most gammas will
suffer their first collision in a layer around zp with a thickness of about an
atmospheric scale-height (at 30 km altitude the typical scale-height is H,, ~
km).

Assuming that gammas are uniformly emitted by the burst in every di-
rection the total number of gammas crossing a unit cross sectional area at a
distance r from the burst is Ny = N, /47r7‘2. Assuming a 100 km burst al-
titude and 1 Mt bomb we get Ny ~2.3 x 10'3 gammas/m?. These gammas
are scattered within an atmospheric scale-height around 30 km altitude,, so
the number of Compton electrons produced in a unit volume is n, ~ 101!
electrons/m?. The density of Compton electrons (nc.) would be the same as
n, if they did not move. Because they move in the same direction as the gam-
mas with an average speed of about 0.9 ¢ (where ¢ is the speed of light), their
actual density is about an order of magnitude larger than n., (due to relativistic
effects). In his estimates Longmire| (1986) used nc, ~10'? electrons/m?3.

At their birth the Compton electrons all move in the forward direction
with a speed of about 0.9 c. We note that if the Compton electrons all moved
together at nearly the speed of light, they would make a current density of
tens of A/m?, that is a very substantial current density (about ten orders of
magnitude larger than typical magnetospheric currents).
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2.1.2 Motion of Compton electrons

For ~2 MeV gammas the Compton recoil electrons have an average kinetic
energy of about 1 MeV and their angular distribution strongly peaks in the
forward direction. The velocity of a 1 MeV electron is about 0.94¢, while
the relativistic mass is about three times larger than the rest mass. In his
estimates [Longmire (1986) used a magnetic field value of By = 5.6 x 107°
T that results in a gyroradius for 1 MeV electrons of r. = 85 m. The mean
stopping range of the 1 MeV electrons due to collisions with air at 30 km
altitude is R,, =~ 170 m, taking into account the fact the the MeV electron
gradually loses energy as it undergoes multiple collisions. In the process of
stopping the MeV electron about 3 x 10* low energy electron-ion pairs (typical
energies are ~ 10 eV) are created. Because the velocities of secondary electrons
are randomly distributed they generate no significant current. However, they
create an electrically conducting layer that plays a role in the generation of
the EMP pulse.

During its first gyration around the local magnetic field an average Comp-
ton electron would travel about 27r. = 530 m. However the stopping distance
is only 170 m, so a Compton electron makes only a third of gyration before
it is stopped. Substituting the numerical values used by [Longmire| (1986|) we
obtain a Compton current density of about jo = —ecnc, ~ 50 A/m?.

Fig. 4 Schematic diagram planar gamma pulse
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2.1.83 Coherent radiation

Let us consider a planar, impulse function of gammas propagating through
vacuum and arriving perpendicularly to a thin insulating sheet, as indicated
in Fig.[4] We assume that electrons are knocked out of the sheet in the forward
direction of the gammas, and that there is a magnetic field By parallel to the
sheet, in the y-direction. This field deflects the electrons in semicircles, until
they return to the sheet and are stopped. An observer is located at a distance
zo below the sheet, which is very large compared to the gyroradius of the
electrons. These simplifications are introduced for ease of calculation and they
still preserve the underlying physics.

At t = 0 the gamma pulse arrives at the thin sheet. The observer, however,
will only get a start signal when the gammas arrive at his location, therefore
the “observing time” (or delayed time) T is related to the “event time” (¢) at
any value of z as T =t — z/c. The gyrofrequency of an electron born at the
origin of our coordinate system is we = v./r. = 3.3 x 10° s~1. The motion
of the electron is fully described by its location and velocity as a function of
event time:

ZTe = Te (1 — coswet) Ze = TeSinwet (1la)

Vg, = Ve SiDWet Uz, = Ve COSWet (1b)

e

For large values of zg (when r./zyp < 1) the arrival time of a signal radiated
by the electron at event time ¢ arrives to the observer at event time t, =
t+(z0—z.)/c. This is a very interesting result, since it means that the observing

time of the electron radiation at the observer’s location (Ty = tg — z0/c)
is the same as the observing time at the location of the radiating electron
(T, =t — z/c).

Longmire| (1986) found the relation between event time and observing time
for a radiating electron to be

T.=1t— Le sin wet (2)
c
which at short times (w.t < 1) becomes
v
= (1-) 3
: Q

This means that for MeV electrons the observing time initially advances nearly
twenty times slower than the event time, resulting in an extremely short ob-
served pulse.

2.1.4 Radiated electric field

Longmire| (1986|) derived the radiated electric field associated with the motion
of an electron that was born at ¢ = 0 at the origin of the coordinate system. The
signal is detected by an observer located at a distance zg below the origin (see
Fig. . It can be shown that in the simplified scenario the electric field only
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where Zy = 1207 ohm is the impedance of space. The time-dependent factor
in E, is shown in Fig. [5 as a function of both Ty (i.e., as it would appear to
the observer) and t (as the electron experiences it). We note the very large
amplitude at early times. The end of the electron trajectory after one-half
turn in the magnetic field corresponds with w.Tp/m = 1 or Ty & 1 ps. No more
field is radiated to our observer after this time (the radiation emmitted in the
starting and stopping of the electron, which may be called bremsstrahlung,
vanishes in the z-direction). However, the observed E, signal becomes small
and negative after less than 10 ns.

In the next step we add up the fields radiated to the observer by electrons
born at different positions on the sheet. When doing so we must consider that
the fields radiated by electrons born away from the origin in Fig. 4| will be
additionally delayed in reaching the observer. Within a time period of AT the
observer detects signals coming from inside a radius of p around the z axis

(Longanird, 1050
p = /220cAT (5)

Choosing AT = 8.3 ns (the time when E, from a single electron changes sign)
we get p = 590 m. Integrating the electric field signal coming from electrons
within a column of radius p gives the total electric field seen by the observer

(Congrrel [1956):

1 sin wet
- -7 Ny — e
& 2 0CestA 1 — %2 coswet (6)
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where N 4 is the column density of electrons in the thin layer where the gammas
are absorbed. Since in this simple model every gamma creates an electron, N4
is the column density of 2 MeV gammas hitting the atmosphere shortly after
the burst. As we discussed earlier N4 ~2.3 x 10" m~2 and thus the amplitude
of the total electric field at the observer is

1
&= §Zo€UeNA ~2x10° A/m (7)
Below the source region, where the gammas have been mostly scattered,
the HEMP propagates as a free wave without further buildup or attenuation.

This is the signal that reaches the surface and can cause major disruptions in
technological systems.

2.1.5 Exposed Area

£ £ £ & £ F

North South
/ —

£ & 7

Geomagnetic Field

/

Burst 3¢

T t
Tangent e
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Fig. 6 Typical geometry of E1 phase. There are three special points on the ground: Ground
Zero (GZ) — is the point directly below the burst, Null Point — where the observer ray and
geomagnetic field lines are parallel, and Max Point — where the E1 HEMP has its maximum

peak level (from [Savage et all [2010).

The area impacted by HEMP E1 phase is controlled by the burst altitude
and the the direction of the local geomagnetic field. Fig. [7] shows three special
points. The rays originating at the burst and that are tangent to the Earth’s
surface define the maximum extent of the HEMP E1 exposure region. Ground
Zero is the point directly below the burst where the observer ray goes straight
down. The red region in the atmosphere is the “source region” where most
of the burst gammas interact with the atmosphere. The other two special
positions in the left panel of Fig. [7] are related to the geomagnetic field. The
“null point” is where the observer ray and geomagnetic field lines are parallel.
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For this point the E1 HEMP is very low (ideally it would be zero). On the
opposite side of Ground Zero is the “max field point”. This is the location
where the HEMP E1 has its maximum peak level (where the observer ray is
perpendicular to the geomagnetic field lines). This point could be called the
“geomagnetic max point”. Fig. [7] shows the area coverage for a HEMP over
the U.S., for several burst altitudes. One can see that a nuclear explosion at
an altitude of ~400 km above Oaklohama would impact the entire continental
United States.

5N
1500 Nau
50N
140w
a5
60W
40w
35N Al : .I i /7 #Washington DC
Be
30N
130W
25N
20N
\ f Y 7ow
15N #Mexico City

120w 110w 100W  90W . . 80W

Fig. 7 Samples of E1 HEMP exposed regions for several burst heights. The red circles
show the exposed regions for the given burst heights, for a nuclear burst over the central

USS. (from Savage et al} BOT0).

2.2 E2 Phase

As we discussed above the E1 phase of the HEMP is associated with unscat-
tered gammas directly coming from the nuclear explosion. However, as we
discussed in Section the direct gammas travel through ~220 kg/m? of air
before they hit the E1 source layer. About a fraction of 1/e ~ 37% of the 2
MeV gammas interact with air molecules before reaching the E1 source layer



Anthropogenic Space Weather 13

resulting in a short time delay in the arrival time of these scattered gammas
to the source layer. These variously-produced gammas lead to an impulsive
Compton electron current (due to the separation of the electrons from their
parent molecules) that depends on the polar angle because of the atmospheric
density gradient. There is also a non-compensated vertical current directly
below the explosion.

The end result of these secondary gammas is that at the end they also
produce an electromagnetic pulse similar to the E1 phase. While the basic
physics of the generation of this secondary signal is basically the same as we
discussed in Section there is one big difference: the secondary E2 signal
lasts much longer (actually several thousand time longer) than the E1 signal.
Consequently the peak of the E2 signal is several hundred times weaker than
the peak of the E1 signal (see Fig. [2)). Even though most of the E2 signal takes
place within about 10 ms after the burst, the E2 phase only ends at about 1
s after the burst.

The E2 phase covers roughly the same geographic area as the E1 com-
ponent and is similar to lightning in its time-dependence, but is far more
geographically widespread in its character and somewhat lower in amplitude.
In general, it would not be an issue for critical infrastructure systems since
they have existing protective measures for defense against occasional lightning
strikes. The most significant risk is synergistic, because the E2 component fol-
lows a small fraction of a second after the devastating E1 impact, which has
the ability to impair or destroy many protective and control features. Thus
the energy associated with the second component thus may be allowed to pass
into and damage systems.

2.3 E3 Phase

The E3 component is very different from E1 and E2. E3 is a very slow pulse,
lasting tens to hundreds of seconds (see Fig. . It is produced by two different
physical mechanisms, both of which are associated with the continuum behav-
ior of the medium. This is the reason why the E3 phase is also called the MHD
(magnetohydrodynamic) phase of the HEMP.

The first phase that typically lasts about 1 to 10 seconds is called the E3A
or “Blast Wave” phase. This is characterized by the explosive expansion of
the fireball containing a large mass of ionized material. The expanding plasma
cloud expels the geomagnetic field and creates a diamagnetic bubble. The
distortion of the geomagnetic field generates a transient current system that
creates the first MHD peak shown in Fig. [2] (cf. (Gilbert et al., 2010).

The second phase of E3, called E3B, takes place between about 10 and
300 seconds. It is created when the hot, ionized, diamagnetic debris bubble
buoyantly rises in the upper atmosphere. As this conducting patch crosses
geomagnetic field lines it generates currents that flow in the patch and distorts
the ground magnetic fields on the surface. This late phase is also called “Heave”
and it creates the second MHD peak shown in Fig. [2| (cf. |Gilbert et al.| 2010).
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2.3.1 Blast Wave

About 75% of the energy of a high-altitude nuclear explosion is emitted in the
form of x-rays with an average energy of a few keV. About half of these x-rays
are emitted downward and are absorbed in the atmosphere in the altitude
range of 80 and 110 km. The primary x-rays interact with K-shell electrons
in neutral molecules and knock them out producing primary photoelectrons.
The missing K-shell electron causes secondary x-ray emission when an electron
jumps from a high-shell orbit to fill the gap on the K-shell. The primary
photoelectrons and secondary x-rays create an additional ionization cascade
in the atmosphere, ionize the molecules and create energetic photoelectrons.
The primary photoelectrons create an additional ionization cascade resulting
in a high level of ionization and heating in the 80-110 km layer. The horizontal
extent of this layer is similar to the E1 phase, since both the gamma rays and
x-rays expand radially from the blast location. This hot, ionized layer acts to
shield the ground from direct electromagnetic signals generated in the burst
region and “anchors” the geomagnetic field lines.

Fig. 8 Schematic of E3A
Blast Wave phenomenol-
ogy. The x-ray patch is
shown at less that its actual
radius for illustrative pur-
poses. (from |Gilbert et al.|
2010).
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ELECTRIC FIELD IN EARTH’S SURFACE

About a quarter of the blast energy is kinetic energy of the weapon debris,
which has become highly ionized and therefore has a high electrical conduc-
tivity. The debris expands outward, pushing the geomagnetic field out of the
conducting region, and this forms a diamagnetic cavity or “magnetic bubble.”
The initial expansion of the bubble is determined by the velocity of the de-
bris, which is greater than 1000 km/s. Later expansion of the bubble depends
on the blast altitude. For altitudes below about 300 km, the dominant effect
slowing the expansion is the outside atmospheric pressure, and the bubble be-
comes asymmetric as it expands more easily upward into more rarefied air than
downward into denser air. For higher blast altitudes, the atmospheric pressure
is negligible and the expansion is slowed by the anisotropic magnetic pressure
gradient force. At the end the kinetic energy of the debris is converted into
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magnetic energy of distorted field lines. Due to the anisotropy of the magnetic
pressure the bubble expands more rapidly along the geomagnetic field lines
and less rapidly in the perpendicular direction (Karzas and Latter, [1962)). For
observers at large distances from the burst, the perturbation of the magnetic
field looks like a field-aligned dipole at the burst point. The resulting electric
and magnetic fields are low, but they can exist over long time periods and
large areas.

For the early time nearly spherical expansion of the magnetic bubble, the
perturbed magnetic fields at the ground would be nearly those of a field-aligned
magnetic dipole located at the burst site with a magnitude of

3

) = - 2B 0
where R(t) is the time dependent bubble radius and By is the magnitude of
the geomagnetic field at the burst location (Gilbert et al., |2010]). Typically,
the magnetic bubble attains its maximum size in less than a second after the
burst, and then collapses in a few seconds. For night-time bursts occurring
during solar minimum the perturbed magnetic field propagates to the ground
through the ionosphere in a time scale short compared to the bubble dynam-
ics, so that using this magnetostatic field approximation is valid. However,
nighttime bursts during periods of heightened solar activity and all daytime
bursts produce much smaller magnetic perturbations (and electric fields) at
the ground because the time for the magnetic disturbances to diffuse through
the ionosphere to ground level become much longer that the time scale of
bubble growth and collapse (Gilbert et al.l |2010)).

2.3.2 Heave Phase

For bursts above ~150 km altitude the second part of the EMP E3 phase is the
Heave effect (also called the E3B phase). The bomb debris and shock heated
air ions stream downward along geomagnetic field lines until they deposit
their energy at altitudes near 130 km. These two processes contribute to both
the heating and additional ionization of the ionospheric E-layer. There is also
heating of this region by UV radiation from the burst, and this heating is
centered beneath the burst. After an initial brief period of expansion of the
heated air, it buoyantly rises. The basic phenomenology of the heave generation
is shown in Fig. [0 The region with enhanced conductivity is depicted as a
reddish “hat” with the heated center rising more rapidly than the brim. As
this conducting layer rises across the geomagnetic field, a current is induced
by the dynamo effect, as indicated by the solid arrow on the hat in Fig.[9] The
dynamo current flowing to the west is accompanied by northern and southern
return currents in regions where the heating and buoyant rise is smaller. This
current system induces an oppositely oriented “two-cell” current system in the
ground, and the finite conductivity of the ground means that the current in
the ground is accompanied by an electric field in the same direction, as shown
by the blue pattern (Gilbert et al.| 2010)).
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Fig. 9 Schematic of E3B Heave phenomenology (from |Gilbert et al.l, |2010I).

The maximum electric field strength can be found in the region beneath
the most highly heated portion of the atmosphere. Because the heating of
the atmosphere is relatively localized (several hundred kilometers), the heave
phase impacts a much smaller area than the blast wave.The electric field pat-
tern mirrors the current flow in the conducting heave region. The centers of
the “two-cell” patterns themselves are null field regions, where there is large
cancellation between dynamo current flow and the return current flow.

3 Artificial radiation belts

The first major scientific discovery of the Space Age was that the Earth is
enshrouded in toroids, or “belts,” of very high-energy magnetically trapped
charged particles (Van Allen| [1959; [Van Allen et all [1958). Early observa-
tions of the radiation environment suggested that the Van Allen belts could
be delineated into an inner zone dominated by high-energy protons and an
outer zone dominated by high-energy electrons (Van Allen and Frankl [1959).
Subsequent studies showed that electrons in the energy range 100 keV<E<1
MeV often populated both the inner and outer zones with a pronounced “slot”
region relatively devoid of energetic electrons existing between them. The en-
ergy distribution, spatial extent and particle species makeup of the Van Allen
belts has been subsequently explored by several space missions.

Experience has shown that the near-Earth space environment can cause
significant operational anomalies and even spacecraft failures under certain
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circumstances (e.g. [Fennell et al., [2001)). The primary sources of spacecraft
operational problems include energetic ions causing so-called single-event up-
sets (SEUs), moderate-energy electrons producing surface differential charging
effects, and high-energy radiation belt electrons inducing deep-dielectric charg-
ing conditions (see Baker, 2002). SEU effects can be due to galactic cosmic
rays, solar energetic particles, or trapped ions in Earth’s inner Van Allen ra-
diation belt. Surface charging is associated most closely with ~10 to ~100
keV energetic electrons during geomagnetically active times when spacecraft
surfaces are in shadowed regions (or the entire satellite is in solar eclipse).
Deep dielectric charging occurs most prominently when electrons of hundreds
of keV to multiple-MeV energy are enhanced within the outer Van Allen ra-
diation belt.

The natural space environment of the Earth has been extensively explored
through the past six decades. The Radiation Belt Storm Probes (Van Allen
Probes) mission of NASA (Mauk et al), 2013), launched on August 30, 2012,
are currently bringing exceptionally detailed observations of the near-Earth
space environment and its dynamic properties. The salient properties of the
multi-MeV electron environment of the Earth, as reported in a recent study
(Baker et al., 2016), include: (1) The outer Van Allen zone during strong geo-
magnetic storms can vary in absolute intensity by some six orders of magnitude
on time scales of less than one day; (2) The magnetosphere is fully capable
of accelerating relativistic electrons up to energies approaching 10 MeV on
time scales of a few hours; (3) The radiation belt boundaries are determined
both by natural and human-induced wave effects on the electron spatial and
spectral properties (see below); and (4) The inner Van Allen radiation zone
(1.1<L<2.5) has been essentially devoid of multi-MeV electrons for the entire
Van Allen Probes era (2012-present).

As introduced in Section[2] secret activities were underway in 1957-58 to ex-
plode nuclear weapons in space to create artificial radiation regions in Earth?s
magnetic field (Christofilos, [1959alb)). Christofilos envisioned two physical ef-
fects: (1) A strong, prompt enhancement of ionospheric ionization in the vicin-
ity of the nuclear explosion, thereby producing strong disruption of radio
communication at VHF frequencies; and (2) Strong injection and trapping
of high-energy (E >1 MeV) electrons in Earth’s dipole-like magnetic field. A
key question in Christofilos’ work was what fraction of emitted fission elec-
trons and positrons from the nuclear explosion would become trapped in in
the Earth’s field (see [Van Allen et al.l |1959¢; Walt, [1997).

After the successful deployment and initial operation of the Explorer I
and III missions, Van Allen and coworkers were brought into the secret pro-
gram to test the Christofilos effect (Van Allen) 1997)). In anticipation of high-
altitude nuclear tests, starting in May 1958, the Explorer IV spacecraft was
instrumented by Van Allen and his team in record time and was launched
on July 26, 1958 (Van Allen et all [1959b). As seen in Table [1] above, there
had already been by that time, one relatively small (1.7 kiloton) atmospheric
test (codenamed Yucca) on April 28, 1958. In August 1958 there were large
weapon tests of about 4 megaton yields (Teak and Orange), but these were
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at relatively low heights (some tens of km altitude) and there were only small
effects seen in the radiation belts (Van Allen, |1997). The truly high-altitude
weapons tests were in Operation Argus (Jones et al., 1982) and, as shown in
Table [I} these were small weapons at several hundred kilometers altitude. As
reported (Brown| 1966 [Van Allen| [1997; [Van Allen et al.| [1959¢; Walt), [1997)
the Argus tests produced discernible, but not major, perturbations of the radi-
ation environment. All three artificial radiation shells were clearly observable
by the Explorer IV instruments designed for the purpose (see Fig. .
summarized that Argus I and II each produced shells of artifi-
cially injected electrons that had a lifetime of about 3 weeks. The explosions,
on August 27 and 30, 1962 were followed by major — natural — geomagnetic
storms. It is likely that these shortened the lifetime of the artificial radiation
belts, as the loss of energetic trapped electron due to geomagnetic activity is
well documented (e.g. Horne et al.,2009). The Argus III shot also produced a
shell of electrons. Argus III had a lifetime of about a month, see the decay of
the observed peak intensities in Fig. All of these nuclear weapon-injected
electrons had — as measured by Explorer IV sensors — a very different energy
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spectrum than the naturally occurring radiation belt population. Thus, ob-
servations could readily distinguish fission electrons from “normal” Van Allen
belt particles (Van Allen et al., [1959c).

T T TTTIT

Fig. 11 The decay of en-
ergetic electron fluxes in
the artificial radiation belt
created by the Argus III
nuclear explosion, observed 108
by the Explorer IV satel-
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Neither the Explorer IV satellite, nor the Argus experiments were a part
of the contribution of the United States to the International Geophysical Year
(IGY) that ran from July 1957 to December 1958 during which over 60 coun-
tries collaborated on investigations of a range of geophysical phenomena. But
Van Allen, in a letter dated February 21, 1959, requested the declassification
of the geophysically relevant results of both the Argus experiments and the ob-
servations made by Explorer IV. In the letter, Van Allen wrote that the Argus
experiments “undoubtedly constitute the greatest geophysical experiment ever
conducted by man.” The earliest published record, describing both geomag-
netic effects and an artificial aurora, identified the nuclear tests as the cause of
these geophysical phenomena (Cullington, (1958)). Following Van Allen’s letter
and the declassification of the Argus tests, the Explorer IV observations were
presented at a Symposium of the US National Academy of Sciences by [Van
Allen et al.| (1959a). Observations of the trapped electrons from the Argus
tests were also made by a series of 19 dedicated sounding rockets (Allen et al.,
1959) who noted that the energy spectrum of the electrons was a modified form
of the fission spectrum, with a lower than expected high energy contribution,
confirming the observations mentioned above by Explorer IV.

The series of high-altitude nuclear detonations in 1962 by both the United
States and the Soviet Union (see Table [I]) provided a greater opportunity to
observe and analyze the formation of artificial radiation belts. Their effects on
satellites and on geophysical phenomena are discussed below in Sections[4] and
[l Here we describe the formation and evolution of the radiation belts formed
from energetic electrons originating from the decay of nuclear fission products.

The best documented explosion, with the longest lasting effects, was the
Starfish burst on July 9, 1962 at 400 km altitude over Johnston Island in the
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Fig. 12 The spatial distri- N
bution of high energy elec-
tron fluxes measured by 8 2 1
the Injun I satellite in =10"cm™s
the nevs./ly‘ formed .artiﬁ— =3 X108 cm2s-T
cial radiation belt in the ) 2
hours following the explo- = 5x10 cm™s
sion on July 9, 1962. (From EARTH _ 9 2
Van Allen), Van Allen =10" cm™s
et a1.|7 1963)). |

INJUN |

Sp B COUNTER

H+ 10 HOURS

Pacific, with a yield of about 1.4 megatons. From classified observations at the
time that became public only much later , it is now known that in
the diamagnetic cavity that was formed at the time of the explosion the flux of
energetic beta particles (electrons and positrons) was approximately uniform
through the volume, with intensities of about 3 x 10'!' particles cm~=2 s~!, for
a duration of at least 7 seconds. At 34 s after the explosion, the flux injected
into the geomagnetic field from the diamagnetic cavity was 2.5 x 10'° beta
ecm ™2 s71. Observations by two of the rocket flights above the detonation site
that were reported by were made at a location (in Mcllwain’s B-L
coordinate system) at B = 0.153 gauss and L = 1.269. The fluxes measured
were 4 x 1010 beta cm™2 s™! at 25 seconds after the explosion and 6 x 10°
beta cm™2 s™! at 10 minutes after the explosion.

It is this population of energetic electrons that were trapped and entrained
by the Earth’s magnetic field and formed the artificial radiation belt. The
first observations of the Starfish explosion were made by the UK-US Ariel-1
satellite (Durney et al. [1962))), the Soviet Kosmos-5 satellite (Galperin and
Boliunova, |1964) and by the University of Iowa’s Injun-1 satellite (O’Brien
et al., [1962a; [Van Allen et all [1963), as described in more detail in Section ;
In the hours that followed the detonation, Injun-1 successfully mapped the
core of the newly created artificial belt of high energy electrons, as shown in
Fig. [12] [taken from [Van Allen| (1966)]. The peak flux in the central volume
of the belt, shortly after the explosion, was >10° electrons cm™2 s~!, well
matched to the estimated injected population calculated by .

The launch of Telstar-1, on the day following the Starfish explosion, brought
a very powerful observation platform into near-earth space, extremely well in-
strumented (for the time) to monitor the energetic particle population of the
natural as well as of the artificial radiation belts (Brown et al., [1963]). Helped
by both its orbit (perigee = 952 km, apogee = 5632 km, inclination = 45°)
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Fig. 13 Contours of om-
nidirectional counting rates
(OCRs), electron channel

3 by Telstar-1, on Days 30°
193-197, 1962, starting

three days following the

Starfish explosion. OCR 6

. . 6.6 x 10

is measured in counts/sec; .
the electron channel 3 20

responds to electrons of
energy greater than about 2.1x107
400 keV, with maximum
efficiency at about 500
keV. The plot is in the
R-A  coordinate system,
related to the Mecllwain’s e |
B-L  coordinate system 10 12 14 16 1.8 20Rg
(see [Roberts| [1964). (From

Brown et al.} [1963)

and its instrumentation, it was able to map the Starfish radiation belt and
follow its evolution. Fig. [I3] shows the distribution of energetic electron fluxes
within the first week following the explosion. Two aspects need to be noted.
First, the contours do not show the apparently much higher intensity core of
the artificial belt that the Injun-1 observations implied. This led at the time
to a possible ambiguity between the two sets of measurements. However, the
Telstar-1 data do not contradict the existence of a higher intensity core, but
represent simply different results due to the different energy response of the
instruments and the different spatial sampling. The second point to note is
that the artificial radiation belt, at least initially, had a much greater extent
in volume than implied by the explosion site. The extent of the diamagnetic
cavity, already described and the implication of the vertical expansion, driven
by jets and driving a shock wave to a height of 1000 km or higher (Colgate,
1965)), can explain the population of L shells up to and beyond L = 2.

Given the quasi-instantaneous injection of the population at the time of
the explosion, the decay of electron fluxes in the artificial belts provided an
opportunity to study the possible loss mechanism of these particles. Fig.
follows the decay, as a function of L, of energetic electrons observed by Telstar-
1 (from Brownl [1966). The decay is faster as L increases towards the radiation
belt slot region where electrons are lost mainly to pitch-angle scattering due
to wave-particle interactions. However, the artificial belt is quite stable at L
= 1.7. At lower L-values (L <1.2), atmospheric interactions caused the decay
of the fluxes (Walt, [1964). But at intermediate L-values, 1.3 < L. < 2, the loss
mechanism is not fully understood, and the lifetimes in the artificial belt were
found to be several years.

The three Soviet nuclear explosions in late October and on November 1,
1962 replenished the artificial radiation belt, although apparently at somewhat
higher L-values (likely to be due to the more northerly location of the explo-
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Fig. 14 The omnidirec-
tional counting rate be-
tween the launch of Telstar-
1 and the first of the So-
viet high altitude blasts on
day 295. The curves show
the counting rates in a nar-
row ? ranges on individual
L shells, close to the equa-
tor for L = 1.7 and increas-
ingly larger 1 values for the
higher L shells. The cluster-
ing of observational points
is due to the precession of
the Telstar-1 orbit. (From
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sions). The new population, superimposed on the decaying Starfish belt, is well
illustrated in Fig. [15] (from [1966)). The peak intensities appeared close
to that from Starfish; the decay constants appeared to be quite comparable to
those experienced by the Starfish fluxes.

The longer term stability at L = 1.25 was measured by comparing the fluxes
observed by Injun-1 in the weeks after Starfish and those measured by the Injun
IIT satellite (launched on December 13, 1962) by similar instruments. The
results are shown in Fig. It can be seen that following a fast initial decay,
the near-equatorial Starfish artificial belt stabilized and the fluxes remained
up to an order of magnitude higher for well over a year than the pre-Starfish
natural fluxes. It is unclear, but likely, that the fluxes observed by Injun III
were exclusively due to Starfish and were not influenced by any replenishment
from the Soviet explosions that occurred about six weeks before The Injun IIT
launch, because the core high intensities of the Soviet artificial belts were at
higher L-values than the Starfish belt.
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Fig. 16 The long-lasting - SlpB G L4

energetic electron fluxes at
L = 1.25, measured first by
the Injun-I satellite in the
aftermath of the Starfish
detonation and, from its
launch on December 13,
1962, by the Injun-III satel-
lite. After the initial fast
decay, fluxes in the ar-
tificial radiation belt sta-
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The third Soviet high-altitude explosion on November 1, 1962 created a

narrow band of high energy electrons around L = 1.76 1966)). Fig.

shows the peak in this belt at four epochs after the explosion, at one, four eight
and eighteen days after the blast, as a function of L. As noted by ,
the position of the peak in L remains constant while the intensity decreases by
about a factor four. At the same time, the full-width half-maximum of the peak
increases monotonically from 0.037 to 0.052, implying the diffusion across L-
shells of the electrons in the belt. While this is a good illustration of the process
well observed in the natural radiation belts (e.g. Williams et al. [1968), it does
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Fig. 17 The peak of energetic electron fluxes (E > 1.9 MeV) due to the third U.S.S.R.
test on November 1, 1962 were distributed in a narrow range of L-shells around L = 1.765
at four epochs following the nuclear blast. The height of the peak is decreasing with a time

constant of days. It is also broadening, due to cross-L diffusion. The fluxes at lower L-values
are due to the slowly decaying electrons from the Starfish explosion. (From 1966)
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not completely explain the reduction in flux in the Soviet artificial radiation
belt, as the broadening of the peak accounts for only 30% of the losses.

A summary sketch of the Injun I and Injun IIT observation is shown in
Fig. [18| (from [Van Allen| [1964). The peak fluxes decreased by close to two
orders of magnitude, by the erosion of the artificial belt at the low L values
where atmospheric losses operated. Removing that part of the artificial belt
left the more stable belt at about L. = 1.3 to persist for at least a year. The
complementary longer term observations by the Relay II satellite, launched on
January 21, 1964 and fully equipped to measure the trapped radiation belts
particles, including the remnants of the artificial belt populations, are shown
in Fig. (from . The interesting aspect of these observations is
that where the earlier decay observations showed decay constants of months
at most, the still decreasing fluxes through to the end of 1994, more than
two years after Starfish, now show that the time constants are in fact longer,
as much as two years. It is clear that the artificial belts created by the high
altitude nuclear explosions endured at detectable levels for several years in a
range of L-values about 1.5 to 1.8. Both below and above these values loss
mechanisms actively removed the excess population. In the more stable range,
however, it is likely that cross-L diffusion slowly moved the particles towards
regions where more effective loss mechanisms finally removed them.

Finally, it is instructive to compare the exceedingly high energetic electron
fluxes injected by the high-altitude nuclear explosions to today’s state of the
locations of the erstwhile artificial belts.
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Fig. 19 Long term sur-
vival of the artificial ra-
diation belt created by 10°
the Starfish detonation, ob-
served by the energetic elec-
tron detector on the Relay
II satellite. The clustering
of the data points is due to
the precession of the satel-
lite orbit. The solid lines
are least square fits of expo-
nentials to the data. (From

1966)
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Figure [20| (taken from 1963) shows that in mid-November 1962

(i.e., following the Starfish and major Soviet exoatmospheric tests), the omni-
directional flux of electrons with E>5 MeV exceeded 107 cm™2 s~! at L~1.2.
The study by similarly showed (see his Fig. 9) that electrons
with E>1.9 MeV were above 107 cm~2 s7! for 1.2<L<2.5 and had a peak
intensity of >10% em~2 s7! at L~1.4 in late October 1962.

ELECTRONS >5 MEV
NOV. 10, 1962

462 106, (Jy/1.5)

05 EARTH RADI

Fig. 20 Spatial distribution of high-energy electrons on 10 November 1962. The intensities
represented by adjacent contours differ by a factor of 1.259 (From Mcllwain) [1963).
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Fig. 2I]compares the post Starfish observations with the modern equivalent
measurements from the NASA Van Allen Probes mission for a period (March
20-23, 2015) just following the most powerful geomagnetic storm of the last
decade (see Baker et al.l [2016). The Van Allen Probes data show quite graph-
ically that the “natural” radiation environment at present has no significant
fluxes of E>5 MeV electrons at L<2.5 (see, also [Fennell et al., 2015 [Li et al.
2015)). The inner zone electron fluxes in the 1962 post-Starfish era were at least
107 times more intense than even the highest fluxes seen in the present-day
magnetosphere.

FE 5

Van Allen Probes REPT-A Mar 23, 2015

Fig. 21 Comparison of Explorer XV data from 10 November 1962 with Van Allen Probes
data taken with the Relativistic Electron-Proton Telescope (REPT) on 23 March 2015. The
Explorer XV data are adapted from [Mcllwain/ (1963) (see Fig. and the Van Allen Probes
data are adapted from measurements described in |Baker et al.|(2016)). It is noted that the
March 2015 outer zone fluxes of E>5 MeV electrons were more intense and broader in spatial
extent than were such electrons in the November 1962 case. On the other hand, the inner
zone electron fluxes in the 1962 post-Starfish era were at least 10 million times more intense
than fluxes seen in the present-day magnetosphere. Such high fluxes were deadly to orbiting
spacecraft of the early 1960s (as described in the text).
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4 Damage to satellites

Satellites in orbit at the time of the nuclear tests experienced energetic particle
fluxes that were bomkeintense not only in the short term, but — as can be seen
in Fig. — remained significant long enough for the accumulated radiation
dose to cause damage. Starfish Prime, having been the largest explosion, with
the best documented consequences in terms of the artificial radiation belt
created is also the one that had the best documented consequences in terms
of satellites destroyed or damaged. A first comprehensive review of the effects
on satellites was given by Hess (1963). The near-immediate satellite losses due
to Starfish: Ariel-1, TRAAC and Transit-4B, had been documented earlier
(Durney et al 1962 [Fischell, |1962a} [Hess and Nakada, {1962)).

Hess| (1963)) lists 6 satellites that sustained damage from the energetic
particles generated by Starfish. These are Ariel-1 TRAAC, Transit-4B, Tiros
5 and OSO-1. More extended lists were published later by [Wenaas| (1978])
and [Conrad et al.[(2010]). The most relevant contemporary missions that were
affected (or not) by the increased radiation due to the artificial radiation belt
are listed in Table [2 together with their failure modes and any reason for
mitigation for those missions that had their useful life shortened but did not
immediately fail after Starfish.

The nuclear explosion on July 9, 1962 at 09:00:09 GMT was very quickly
sensed by the radiation detectors on all five spacecraft: Kosmos-5, Ariel-1,
TRAAC, Transit B, and Injun I then operating.

The two satellites closest to the explosion were Ariel-1 and Kosmos-5 (Dur-
ney et al.| [1962; |Galperin and Boliunoval [1964). Kosmos-5 was on a meridian
~ 75° to the west and Ariel-1 at ~ 27.5° also to the west of Johnston Island.
Their latitudes and height were 44.9°N and 1442 km (Kosmos-5) and 52°S and
819 km (Ariel-1). Their distances to Johnston Island were very comparable:
7,400 km for Ariel-1 and 7,500 km for Kosmos-5. While Ariel-1 was closer to
the magnetic meridian of the detonation site, on shell L~5, the greater height
of Kosmos-5 allowed viewing above the site over the horizon at a height of
~1,200 km, while for Ariel-1 direct visibility over the site was above 2000 km.
These differences probably explain the differences in the observations as well
as their interpretation, although both provide evidence of the geographically
very broad reach of the immediate effects.

A plot showing the observations by Ariel-1 immediately following the det-
onations are shown in Fig. . Ariel-1 (Baumann, [1963) was a joint US/UK
mission carrying, among other instruments, two energetic particle detectors
with the original objective of measuring the fluxes of cosmic rays. The char-
acteristics of the instruments were described by |Durney et al.| (1962)) together
with the main features of the observations. The Geiger counter responded to
both protons with energy E>43 MeV and to electrons with energy >4.7 MeV.
In Fig. 22h, it can be seen that the Geiger counter was saturated within 20410
seconds of the explosion. It was concluded at the time that this first burst of
saturation was most likely to be caused by the magnetic disturbance propa-
gating upwards of the explosion site at speeds ~100 km/s that disturbed the
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Satellite Launch End Damage history Comments
Injun I Jun 29, Mar 6, Likely damage to solar cells Low power drain probably
1961 1963 and transmitter electronics, limited the damage due to
but not documented as reduced power from the solar
associated with the Starfish cells
belt.
TRAAC Nov 15, Aug 12, Failed due to radiation Solar cell test circuits enabled
1961 1962 damage to solar cells monitoring and diagnosing the
failure of the power system
Transit-4B  Nov 15, Aug 2, Failed due to radiation Solar cell test circuits enabled
1961 1962 damage to solar cells monitoring and diagnosing the
failure of the power system
0SO-1 Mar 7, May Eventual failure was due to Operated only intermittently
1962 1964 solar cell damage after the tape recorder failure
in May 1962, prior to
Swordfish.
Ariel-1 Apr 26, Aug 5, Failed due to radiation
1962 1962 damage to solar cells.
Command system electronics
damaged; intermittent failures.
Kosmos-5 May  Decay Last reported data in the
28,1962 date: literature is from November
May 2, 1962. Reportedly damaged by
1963 Starfish.
Telstar-1 Jul 10, Feb 21, Well documented damage to This spacecraft was extensively
1962 1963 the solar cells, but eventual instrumented to measure
failure was caused by radiation radiation damage, both to
damage to transistors and solar cells and to active devices
other electronic devices (transistors) in the electronics.
Alouette-1  Sep 29, Jan 28, Reportedly no adverse effects ~ Very conservative power
1962 1968 from the Starfish radiation supply design, allowing for
40% degradation of solar cell
performance
Explorer Oct 2, Aug 11, Intermittent electronic failures
X1V 1962 1963 in the spacecraft encoder
Explorer Oct 27, Jan 30, Intermittent electronic failures
XV 1962 1963 in the spacecraft encoder,
failure due to under-voltage
caused by radiation damage
ANNA-1B  Oct 31, ? Deterioration of the solar cells Flew the first GaAs solar cells
1962 noted, but not fatal in space, making the solar

array power source more
resistant to radiation

Table 2 Satellites in orbit and damaged by the high-altitude nuclear explosions
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outer radiation belt electrons and by lowering their mirror points effectively
dumped these electrons at the location and height of Ariel-1. This is supported
by the proximity of the satellite to the magnetic meridian passing over the ex-
plosion site. The Geiger counter then saturated again, by then from the beta
decay of the fission products of the bomb drifting eastward.
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Fig. 22 High time resolution observations on the immediate radiation detected following
the Starfish explosion. (a) Observations by Ariel-1, the first spacecraft to be fatally damaged
by the Starfish explosion. In the first minutes after the explosion, both the Geiger counter
and the Cerenkov detector saturated, as Ariel crossed the magnetic meridian of the explosion
site within two minutes. . (b) Observations by the Geiger counter on the
Kosmos-5 satellite showing the near-instantaneous increase of three orders of magnitude or
more. The instrument may have entered a near-saturation mode, but its counting rate was
corrected using the cross-calibration with the non-saturating fluorescent electron detector
as shown by the red line. (Galperin and Boliunoval, [1964).

The observations made by Kosmos-5 (Galperin and Boliunoval, [1964) also
make clear that there was an effectively immediate and very large radiation
episode experienced far away from the Johnston Island site. The energetic par-
ticle instrumentation carried on Kosmos-5 was described in detail by
[and Boliunoval (1964)). It consisted of a Geiger counter apparently very similar
to those on the other, contemporaneous satellites, with a comparable shield-
ing (3.4 g/cm? Pb and 0.8 g/cm? Al) and therefore had a comparable energy
response to high energy electrons and protons. The observations made im-
mediately after the detonation are shown in Fig. 22p. A first clear difference
with the Ariel-1 observations is the apparent absence of saturation that al-
lowed the initial peak intensity, about four orders of magnitude greater than
the pre-starfish level, to be recorded. Although, as explained by
[Boliunoval (1964), the counter departed from the linear regime, it had been
possible to calibrate the counting rate for high particle fluxes by the use of
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an additional instrument, an “electron indicator,” effectively an analogue elec-
tron detector using a fluorescent screen and a photomultiplier monitoring the
input electron flux. As the fluorescent detector did not saturate even in the
maximum flux intensity regions of the artificial radiation belt as it evolved,
the two detectors could be cross-calibrated.

Even if the first explanation of the origin of the first burst of particles is
the dumping of particles from the disturbance to the natural radiation belt,
the sustained high intensities after the initial saturation are best explained
by the decay of fission products. This was the conclusion reached by [O’Brien
et al.| (1962a), on the basis of pre- and post-burst observations of the high
energy particles on the Injun I satellite. Their instrument, also a shielded
Geiger counter, had a closely similar response (protons with E>45 MeV and
electrons with E>6 MeV) to the Ariel-1 detector. The first observations on
Injun I were made at the first pass over a ground station in Southern Rhodesia
(now Zimbabwe) at 09:42 to 09:50 GMT, about 45 minutes after the explosion.
By that time, electrons from fission products had time to form the eastward
drifting shell of fission product electrons.

Another explanation of the very fast, first burst of saturation seen by Ariel-
1 could be associated with the ionization and very fast motion of the fission
products along the magnetic field lines, as reported later by [D’Arcy and Col-
gate| (1965, based on the interpretation of the high energy gamma radiation
measurements near the magnetically conjugate point of the explosion site.
Their argument is that a large population of quickly trapped electrons was
generated by the decay of the fission products during the flight along the mag-
netic field line. The rise time of the excess gamma rays was very short, reach-
ing a peak at ~20 seconds from the explosion, showing that the decay-product
electrons reached far from the explosion site to generate the saturation seen
in the Ariel-1 detector. These arguments also apply to the results reported by
Galperin and Boliunova/ (1964) about the peak increase of radiation immedi-
ately following the detonation.

D’Arcy and Colgate| (1965) also suggest that the interaction of the plasma
associated with the explosion with the geomagnetic field could have caused a
mixing on neighboring flux surfaces, so that the original Ariel-1 explanation
for the first burst of saturation, involving the disturbance in the magnetic
field lines, was a factor in the minutes after the explosion. But given the very
intense gamma ray radiation described by [D’Arcy and Colgate| (1965)), it is
also possible that these contributed (maybe significantly) to the initial burst
of saturation observed by Ariel-1 (Durney et al.| [1964]).

In the left hand panel (a) of Fig. the periodic passage through the
then forming and evolving artificial electron belt, when the detector saturated,
can clearly be seen. The minima occur when the satellite moved to the outer
radiation belt that had large fluxes of the transient energetic electrons from the
explosion out to L = 4 and beyond. However, the decrease in the intensity of the
minima shows that at these high L-shells the fluxes decayed quite rapidly. The
right hand panel (b) shows the average counting rates at the highest L values
(L ~7 to 8), normally measuring the cosmic ray intensity. The peak at the
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Fig. 23 (a) The Geiger counting rate observed on the Ariel-1 satellite. In the hours follow-
ing the explosion the instrument regularly saturated on each orbit as the spacecraft crossed
the forming artificial radiation belt. (b) In the long term observations of the stable high
energy cosmic rays by Ariel-1, the high energy electrons injected by the explosion stand out
even at high value L-shells. [Figures from |Durney et al| (1962)) and |Elliot| (1966).]

time of the Starfish explosion provides another proof that the high intensity
radiation reached far from the explosion site, but that at these heights the
radiation was only short-lived.

The complexity of the early phase of the artificially formed radiation belt
is illustrated by the possibility that a short-lived second “belt” was formed
(Pieper] below the longer lasting artificial belt which, however, may not
have survived the eastward drift of the trapping shells past the South-Atlantic
anomaly. This population of electrons had also been found by Ariel-1
and Kosmos-5 (Galperin and Boliunova, [1964). Further analysis
of the Ariel-1 observations (Durney et al) [1964) also found evidence for a
short-lived (about one day) shell of energetic electrons, probably due to fission
products remaining in the vicinity of Johnston Island after the explosion.

Thus the early radiation exposure of the satellites in orbit on July 9, 1962
may have been markedly different, depending on their actual orbits and the
timing of their orbits with respect the explosion site and their magnetic con-
nectivity. This, together with their somewhat different design and components
(in particular the solar cells) has led to the differences in the timing of their
failures.

All evidence points to Ariel-1 and Kosmos-5 being the most exposed, par-
ticularly early after the explosion. Ariel-1 was the first spacecraft to show
functional disturbances in the electronics of both the spacecraft system and in
the scientific instruments. Intermittent electronic failures were noted within a
few days, but 104 hours after the explosion the power supply showed the first
undervoltage condition , triggering a protective switch off of the
payload, resulting from a 25% drop in power from the solar cells. Although the
satellite partially recovered, this condition dominated the next three weeks, fi-
nally leading to the end of the mission on August 5, 1962. There is no concrete
report on damage to Kosmos-5, although it is generally considered to have had
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its operational life shortened by the Starfish radiation exposure (Conrad et al.
[2010; (Wenaas|, [1978)). It continued to provide data at least until late October

1962, as evidenced by the published observations. It re-entered the atmosphere
on 2 May 1963.

The TRAAC and Transit-4 satellites were launched simultaneously into
the same orbit (1100 km x 950 km, 32° inclination) on November 15, 1961.
TRAAC was a satellite to test the concept of gravity gradient attitude con-
trol, but also carried energetic proton and electron detectors .

Transit-4-B was a US Navy navigation satellite, an early, experimental mem-
ber of the long-running Transit series . Transit-4B carried no
scientific instruments and was powered by both solar cells and one of the first
Radioactive Thermoelectric Generators, the SNAP-3. The two satellites car-
ried different circuits to measure the output of the solar cells. This monitoring
function showed that from launch to July 9, Transit-4B and TRAAC solar cells
lost, respectively, 17% and 18% of their initial power output. However, follow-
ing the Starfish explosion, the deterioration in the Transit-4B solar cell output
was 22% in 20 days. The equivalent figure for TRAAC was 22% in 28 days.
Transit-4B ceased transmitting on August 2, 1962, and TRAAC also stopped
transmitting on August 14, 1962 . It should be noted that the
nuclear power source on Transit-4b that could have continued to power the
satellite, itself failed a month before the Starfish explosion, on June 12, 1962.
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Fig. 24 Observation of the decreasing power from the solar cells on the TRAAC and
Transit-4B satellites. (a) Time history from launch, showing the gradual damage from the
natural radiation environment, followed by the much accelerated loss of power after the

Starfish explosion. [From Figure 5 in |Fischell| (1962a).] (b) Transit-4B solar-panel perfor-

mance after the Starfish event, showing that the performance loss is best modeled by an
initial period of higher intensity radiation, followed by a constant radiation flux. [From

Figure 7 in |Fischell| (1962a)).]

The time history of the output of the solar cells on TRAAC and Transit-4B

is shown in Fig. [24{(a) [Figure 5 in [Fischell| (19624)]. The difference between the

rates of deterioration in the natural environment and in the artificial radiation
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belt after Starfish is clearly shown. In Fig. b), the decrease in short circuit
current (a measure of the power output) is shown in detail for TRAAC [from
Figure 7 in |Fischell (1962a))]. Two empirical curves were fitted to the observed
measurements. One (dashed line) assumed that there was a constant high
energy electron flux incident on the solar panels, about 1.9 x 10'3 1 MeV
electrons cm ™2 per day. This is to be compared with the average pre-Starfish
value of 8.9 x 10 1 MeV electrons cm~2 per day, a factor 225 less than
after Starfish. The second empirical curve (solid line) assumes a constant flux
of 1.72 x 103 1 MeV electrons cm™2 per day, with the addition of a flux
component 4 x 103 1 MeV electrons cm~2 per day that decayed with a time
constant of 12 hours. This curve is a better fit, confirming that there was a
large initial flux that decayed over the first two days. It is this large initial
component that was probably both space and time dependent that led, at least
in part, to the different spacecraft being affected in different ways. However,
the very close history of TRAAC and Transit-4B is due to their proximity in
orbit, as well to the similar components used in their construction.

The fourth spacecraft also in orbit at the time of Starfish was Injun I
(Pieper} [1961)), extensively instrumented with radiation detectors. Injun I was
launched on 29 June 1961 into an orbit 1020 km x 820 km that was similar
to Transit-4B and TRAAC, but with a higher, 67° inclination. It was able to
measure both the pre-Starfish |(O’Brien et al.| (1962b]) and post-Starfish ener-
getic particle populations in the radiation belts (O’Brien et al., [1962a; [Pieper,
1962; [Van Allen et al.;|1963)). The observations, possibly limited in spatial cov-
erage by the orbit, identified the maximum intensities of the trapped electrons
from fission products in a thin shell centered at L = 1.2, with omnidirectional
intensities up to 10° energetic electrons cm—2 s~! shortly after the detonation
on 9 July 1962. This interpretation of the data was challenged by the Telstar-1
observations that showed a much broader artificial radiation belt out to L>2
(Brown et al., [1963). The high values of the energetic electron fluxes initially,
of order 10Y electrons/cm?/sec, were confirmed by |Galperin and Boliunova
(1964) who, however, also argue that these high fluxes had a greater spatial
extent (up to L~2) than seen by Injun I which was presumably limited by
its orbital coverage. It should be noted that the Kosmos-5 Geiger counter was
very similar in shielding and performance characteristics to the one onboard
Injun I, so the differences in finding clearly represent the differences in orbital
coverage, all the more so, that where they were at similar positions in orbit,
the results are quite comparable.

Injun I operated until December 1962, and again, for a brief period, in
early 1963. However, [Van Allen (1966) stated that “useful data” from Injun
I was only received until late in August 1962. The failure mode has not been
reported, nor the design margin built into the power system. However, the
power used by Injun I was only 2 W (Pieper], [1961) and this very low power
drain may have allowed the satellite to operate longer than TRAAC or Transit-
4B, despite flying the same solar cells as the other two.

As Kosmos-5 continued to operate to at least October 1962, it was able
to monitor the decay of the intensities observed with its instruments. Fig. [25]
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Fig. 25 The decay of excess radiation observed by the Kosmos-5 satellite following the
Starfish explosion. (a) Excess electrons of energy <1 MeV measured by the electron indica-
tor, an analogue, fluorescent detector near the magnetic equator, at L~1.2. (b) The decay
of the Geiger counter rate from the early, very high values at L~1.1, near the magnetic
equator. Note the log scale along the time axis. The initial measurements (red squares) can
be in part attributed to gamma rays from fission products above the detonation site. [Both
figures from |Galperin and Boliunova, (1964).]

shows the decrease in intensity by the two instruments onboard Kosmos-5
(from |Galperin and Boliunova, [1964])). Fig. shows the decrease of 1 MeV
electron intensity measured by the “electron indicator” fluorescent detector.
Fig. is the decrease in intensity of the high energy electrons observed by
the Geiger counter. The very early highest intensity points are caused at least
in part by delayed gamma ray fluxes from fission products.

Telstar-1 was launched on July 10, 1962, the day after the Starfish explo-
sion. It provided, thanks to its instrumentation and orbit, some of the most
important and unique observations made in the aftermath of Starfish. The
satellite was considered an experiment in active satellite communications by
the AT&T company, who paid for the spacecraft, and paid NASA for its launch
(Dickieson} 1963)). As outlined by Dickieson, the experiment had six objectives,
the fifth of which was “To gain a better numerical knowledge of the charac-
ter and intensity of radiation in the Van Allen belt.” Dickieson further wrote
“knowledge of the . ..radiation in the Van Allen belt was not adequate as a ba-
sis for design of a long-lived satellite.” Hence, Telstar was the first commercial,
non-scientific spacecraft that was instrumented to understand for operations
and design what are now called effects of space weather on commercial tech-
nologies.

Telstar was instrumented specifically to understand radiation effects on
solar cells and on transistors, and to specifically measure the electron and
proton radiation in the Telstar orbit (Brown et al.,[1963). The design and use
of the four specific semiconductor particle detectors (three for protons, 2.4
to >50 MeV, and one for electrons, 250 — 1000 keV) was considered a spin-
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Fig. 26 (a) Solar cell damage curves. Based on Figure 3 in [Rosenzweig et al.| (11963I) and
Figure 8 in |Hess| (1963). The performance of the modern solar cells is taken from |Xin et al.
(2014)). (b) Natural and artificial energetic electron fluxes showing cumulative spectra above

40 keV. From Fig. 4 in[Wenaas| (1978).

off from the active nuclear physics program headed by Walter Brown at Bell
Laboratories, and that had been initiated by Bell Labs management in the late

1950s [see Chapter 8 in (1983))]. Semiconductor particle detectors had

been invented at Bell Laboratories shortly after the invention of the transistor

(McKay}, [1949)), and the nuclear physics program extensively developed and
employed them.

The satellite’s semiconductor detector array made crucial measurements of
the fission-product electrons produced by the Starfish Prime high altitude nu-
clear explosion (Brown and Gabbel, [1963), see Section[2] In addition, Telstar-1
and the team behind it were extremely well equipped to assess the space radi-
ation effects on solar cells and electronic devices (primarily transistors). Solar
cells had been developed in the first instance by Bell Labs scientists
, so the solar cells used by Telstar-1 used new technology that also
helped the radiation resistance, as is illustrated in Fig. a) that compares
the performance of solar cells used by contemporary satellites [based on Figure
3 in [Rosenzweig et al| (1963)]. Fig. 26b) summarises the energetic electron
fluxes as a function of energy; the figure shows clearly the significantly higher
flux rates that were experienced by Telstar-1 when compared, for instance, to
Ariel-1.
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The solar cell performance monitoring equipment on Telstar-1 logged the
performance of the solar array, as shown in Fig. 27| (Brown and Gabbel |1963)).
The rate of deterioration of the performance cannot be compared between
pre- and post-Starfish epochs for Telstar-1, as was the case for TRAAC and
Transit-4B as illustrated in Fig. However, the average energetic electron
flux, referenced to 1 MeV electrons, 6 x 10'2 electrons cm ™2 per day is very high
for the approximately 200 day lifetime of the mission. This can be compared
to the equivalent fit for the degradation of the TRAAC solar cells (see above)
given as 1.9 x 10 1 MeV electrons cm~2 per day in the days following the
Starfish detonation.
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Fig. 27 The evolution of the av-
erage output of the current supplied
by the solar cells on Telstar from
launch to February 1963, corrected
for mean solar distance. The fit cor-
responds to the damage calculated
for a mission-averaged 1 MeV equiv-
alent energetic electron flux rate of
6 x 10'2 electrons cm—2
The fit has been extrapolated to two DAYS IN ORBIT
years in orbit at the same energetic
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Despite the damage to the solar cells by the greatly increased radiation
levels after Starfish, Telstar-1 in fact failed because of failures of electronic
components in its command system. Early indications were noted already a
month after launch, but unexplained but fortunate partial recovery occurred
so the mission could continue for several months more. There was very little
known about radiation damage effects in the active electronic components,
diodes and transistors, of the time. It was a far-sighted decision to include in
the Telstar experiment some specific controlled test equipment to monitor the
damage to transistors. The seven so-called “damage-transistors” were mounted
in a carefully controlled circuit to measure their parameters and with three
different thicknesses of shielding (Brown et al., [1963)). The results are shown
in Fig. [2§(a), indicating significant damage to critical functional parameters of
the transistors used. In fact, a comparison between the damage susceptibility of
transistors and solar cells at that time — as illustrated in Fig. b) taken from
Brown et al.| (1963)) — clearly shows the greater sensitivity of active electronic
devices. The fact that the spacecraft that failed did so because of the damage
to their solar cells can be explained that most functional electronic components
were usually well shielded within the spacecraft, even if this was not in the
end the case for Telstar-1.
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The radiation data from the Telstar sensors, together with extensive lab-
oratory investigations of electron radiation effects with exposures as high as
those measured in-situ, identified the malfunction and ultimate total failure
of the satellite’s command system in February 1963, some six months after
launch (Mayo et al., 1963). Although the investigations pointed to surface
damage in some of the transistors used from the enhanced radiation in the
Van Allen belts, a highly ingenious procedure (foreshadowing many such ef-
forts in later missions) had been worked out, using the detailed functionality
of the command system that allowed circumventing to some extent the failure
mode. However, this recovery procedure also proved ineffective after repeated
use. It remains unclear whether the radiation damage process was identified
with complete certainty [see doubts expressed by ], but as the
design and fabrication of semiconductor components was evolving very fast
even then, new devices came later to replace the transistors used in Telstar.

It is notable that early 1960s-vintage spacecraft were rather robustly built
using the technology of the time. However, hazards in space operations and
the effects of the space environment were only beginning to be quantitatively
assessed at the time of Starfish. The fact that several operational scientific,
DoD and commercial spacecraft of that era failed due to damage from the ar-
tificial radiation belts is very sobering. Were nuclear explosions of the Starfish
or Soviet high-altitude sort to be carried out today, the number of spacecraft
that could be affected would be staggering. Given the much greater complexity
of modern spacecraft electronics and the susceptibility of many such spacecraft
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to radiation dose effects (Baker, 2002)), the impact on modern infrastructure
might be almost incalculable.

5 Geomagnetic and Geophysical Signatures of High-Altitude
Nuclear Explosions

Although the longest-lasting effect of the high-altitude nuclear blasts between
1958 and 1962 was the artificial radiation belt created by Starfish (and to a
much lesser extent some of the others), the largest of them did generate other
geophysical effects, including ionospheric and geomagnetic effects. These were
remarkable phenomena by both their propagation speed and (for the largest)
their global reach. However, in all cases these remained transients, lasting from
minutes to hours, but nevertheless of sufficient magnitude that they qualify as
“anthropogenic” space weather events.

The series of high-altitude nuclear explosions in 1958 (see Table [1)) led to
a series of studies based on the observation on magnetic and geophysical ob-
servatories where the detonations generated sudden, unusual signatures that
were quickly associated with the nuclear tests. The first account of such signa-
tures was given by |Cullington! (1958)) who described a highly unusual auroral
display on August 1, 1962 at the tropical Apia Observatory, Western Samoa
(latitude 14° South), together with geomagnetic signatures characterized as
a Storm Sudden Commencement (SSC) at the same location.
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by a Storm Sudden_Com- 09:00:00  10:00:00  11:00:00  12:00:00  13:00:00
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The magnetic observations are shown in Fig. 29| (from |Lawrie et al., [1961]).
The Western Samoan aurora was explained by |[Kellogg et al.| (1959) and [Elliot
and Quenby| (1959) as having been caused by the nuclear explosion on Au-
gust 1, 1958 over Johnston Island (Teak, see Table . The aurora was all the
more remarkable, because of the tropical location of the Apia Observatory.
Kellogg et al.| (1959) argued that the aurora was caused by energetic electrons
traveling along the magnetic field lines from above the explosion site to its
magnetically conjugate region, in this case Western Samoa. [Elliot and Quenby
(1959) recalculated the expected magnetically conjugate location of Johnstone
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Island using a different, surface-field-based magnetic field line model to get a
better agreement with the auroral observations. The sketch, in Fig. [30} repro-
duced from Kellogg et al|(1959)), illustrates the path of the particles that cause
the aurora. Note that these calculations predate the B-L coordinate system
devised by Mcllwain (1961) and later refinements that have provided much
greater accuracy in magnetic conjugacy calculations.
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- %
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é EARTH'S EQUATOR ERRLOSION
JOHNSTON
APIA SURFACE et

WESTERN SAMOA

Fig. 30 Sketch of the origin of the auroral display on August 1, Western Samoa (from
Kellogg et al.l [1959). Electrons that originated in the decay of fission products above the
nuclear detonation site are guided by the Earth’s magnetic field lines to the region magnet-
ically conjugate where they cause an aurora when interacting with the atmosphere.

Geomagnetic signatures following the August 1, 1962 detonation were noted,
away from the conjugate region in Honolulu, by Maeda; (1959)) who pointed out
the similarities of the signatures (and their timing) with the observations in
Western Samoa. However, the world-wide scale of the geomagnetic signatures
could only be observed after Argus III on September 6, 1958 and catalogued
by [Berthold et al.| (1960)). They examined the geomagnetic signatures from six
ground stations, well separated in longitude and covering a distance range of
9,800 to 13,700 km from the detonation site. Plotting on the same scale allowed
a comparison of the timing of the signatures and to deduce apparent velocities.
The results are shown in Fig. Two signals were identified, a prompt one,
with approximate velocity 3000 km/s and a delayed one, with velocity between
760 and 430 km/s. Their conclusion was that these velocities are comparable
with theoretical values calculated for hydromagnetic waves propagating in the
ionosphere. The propagation was approximately at constant speed; the mag-
nitudes of the signals decreased with propagation direction away from the
magnetic meridian of the detonation site. The analysis for the onset was chal-
lenged by |Caner| (1964)) who, in the light of the Starfish experience, proposed
that the signal front was effectively synchronous worldwide. That interpreta-
tion also fits with the (noisy) data — the accuracy of the Azores data signal
onset having been questioned by Berthold et al.[(1960]). This is also illustrated
in Fig. B1}

These conclusions following the 1958 series of explosions came to be sig-
nificantly revised after the analysis of the Starfish and other 1962 explosions.
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The reason was the considerably increased height of Starfish, as well as its
much greater yield than the Argus series, in addition to the greater readiness
of ground-based instrumentation available for observations. It is arguable that
of these two parameters the height, at 440 km, was the more important. While
many of the associated geophysical phenomena were confirmed, the better cov-
erage as well as the stronger signatures allowed more detailed conclusions to
be drawn from the event.

A well-prepared and well-instrumented ground magnetometer network pre-
pared by the U.S. Army Electronics Research and Development Laboratories
was ready to record the geomagnetic signatures of the Starfish explosion on
July 9, 1962. As described by |Bomke et al.[(1964), all observatories made high-
speed and detailed recording of the Starfish effects. The onset of the distur-
bance at the Hawaii observatory is shown in Fig.[32}; it is seen to be effectively
instantaneous on the time resolution of the magnetometer, better than 0.1 s.
The more intense signal arrives, with a very fast rise time, about 2 s after the
detonation. The full amplitude of the signal can be seen in Fig. [32p; it peaked
at about 4 s, but then, following another large-amplitude interval, decayed rel-
atively fast on this scale. The same figure also shows the corresponding signal
recorded at the Western Samoa observatory. The amplitude of the signal is sig-
nificantly smaller, but the early time profile matches that observed in Hawaii:
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Fig. 32 The total magnetic field measured by meta-stable helium magnetometers following
the Starfish detonation. (a) The initial response of a magnetometer located in Puako, Hawaii,
showing an immediate response, less than one second after the detonation, followed by the
second, high amplitude response after two seconds. (b) The traces recorded in Puako, Hawaii
and Tutuila, Samoa by identical meta-stable helium magnetometers. Note that the initial
responses at the two stations are in phase, although the Samoa peak is significantly smaller
than that seen in Hawaii and the signals do not remain in phase after the initial, simultaneous

peaks. (From |Bomke et al. [1964)

near-instantaneous onset, followed by a second, larger amplitude signal. The
observations of the signature in the total field observed at La Hambra, Cal-
ifornia are shown in Fig. [33h, illustrating again the very prompt onset, then
the arrival of the higher magnitude signal and the concluding phase of the
relatively short duration event. The micropulsations observed in Tasmania,
together with the simultaneously observed energetic electron counting rate
onboard a stratospheric balloon are shown in Fig. |33b.

The geomagnetic disturbance caused by Starfish was reported to have been
observed worldwide: in the Pacific and the continental United States (Bomke
et al.l [1964; Breiner], 1963} [Miles and Lepping), [1964; [Unterberger and Byerly,
1962), in Canada (Baker and Strome, [1962), in Tasmania, Australia (Edwards|
and Reid} [1964)), in Peru (Casaverde et al.,|1963), in India (Pisharoty, 1962),
in France and in the Kerguelen Islands, South Indian Ocean (both these by
Roquet et al., [1963). A noted characteristic was the near-instantaneous ar-
rival of the prompt onset, implying the propagation of the initial disturbance
by electromagnetic means, at or near the speed of light. Roquet et al.| (1963)
report that at the two locations, in France and in the South Indian Ocean,
the onset was timed at 09:00:08.8 = 0.2 UT and 09:08:07.7 & 0.5 UT, respec-
tively, to be compared with the most accurate available timing of the Starfish
detonation at 09:00:09 UT.

Following the global synchronism of the onset of the magnetic signal to
within measurement accuracies, generally within a fraction of a second, a sec-
ond, much higher magnitude signal was observed, as already indicated in con-
nection with Fig. [32h and {32b. The onset of this second signal was similarly
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Fig. 33 (a) The magnetic disturbance observed with two rubidium-87 optically pumped
vapour magnetometers at La Habra, California. The onset of the disturbance is quasi-
instantaneous and it lasts ~7 minutes. The rate of change at the onset was too fast for
the sampling averages, hence the two instruments only track each other after about 20 sec-
onds. (From [Unterberger and Byerlyl [1962)) (b) The upper panel shows the counting rate
of a balloon-borne Geiger counter at 80 g/cm2 atmospheric depth (~18,200 m height) near
Hobart, Tasmania, following the Starfish explosion. In the lower panel, the record of mi-
cropulsations that followed the detonation is shown. After the initial transient, irregular
pulsation, a quasi-periodic oscillation was observed. The 16-second period corresponds to
the fundamental V-mode oscillation of the geomagnetic field line through Hobart. (From
|Edwards and Reid} [1964))

global and synchronous and contained a significant oscillatory component with
period about 3 to 4 seconds — difficult to measure more precisely, due to the
diversity of instrumental non-linearities that affected the observations. The
oscillations decayed rapidly, after five to eight periods.

In reviews of the collected observations, |Caner| (1964) and [Kahalas and|
listed the characteristics of the two components of the prompt
signal and offered explanations for them. The first signal, at the time of the
explosion, may be due to the absorption of the gamma rays in the atmo-
sphere that generate an electromagnetic pulse which propagates in the earth-
ionosphere cavity to generate a global signal. The second component, detected
globally after a ~2 second delay, proved much more difficult to explain.
(1964) considered all the alternatives and came to the conclusion that hydro-
magnetic standing waves along the magnetic field line from the explosion site
are at the origin of waves that are converted to electromagnetic waves in the
lower ionosphere. These can then propagate in the ionosphere-Earth surface
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cavity at close to the speed of light. The ~2 second delay is then accounted
for by the initial propagation delay along the magnetic field line.

WORLD-WIDE PATTERN OF £, 9 JULY 1962, 0903 UT |70'
[T

Fig. 34 Isopleths of the amplitude of the total-disturbance magnetic vector at 0903 UT on
July 9, 1962 (2 min 51 sec after Starfish), plotted on a Mercator projection. The detonation
took place 400 km above Johnston Island (JI). Values are in gammas. A contour interval of
10 gammas is used from the 10-gamma isopleth upward; the color lines are 10, 50, 100, and
150 gammas (from [Bomke et al.l [1966)).

A very comprehensive modeling of the geomagnetic observations in the
form of iso-intensity contours of the magnetic disturbances by [Bomke et al.
(1966) have yielded the unexpected result that the maxima were in magnet-
ically conjugate regions about the Johnston Island magnetic meridian plane,
but at 45° magnetic latitude, rather than closer to the Johnston Island mag-
netic latitude of 14°N (see Fig. . Their tentative explanation for this re-
sult is the coupling of magnetoacoustic waves with guided Alfvén waves that
is most effective at the conditions about 1000 km height, corresponding to
the magnetic field lines at the higher latitude. Auroral observations following
Starfish (Gabites and Rowles| [1962)) support a very prompt activity at higher
magnetic latitudes, in the mid-40° range, than the conjugate area of explosion
site. The conclusions of [Bomke et al| (1966), together with the observation
of auroral activity confirm that the magnetic field lines in the vicinity of the
meridian plane of the explosion site were strongly disturbed to much greater
heights and magnetic latitudes than was the case for the earlier, 1958 series
of nuclear detonations. In particular the sketch in Fig. would need to be
complemented by the inclusion of a significant volume of space reaching out



44 T. I. Gombosi et al.

to at least L = 5. This volume is now known to have corresponded to the
diamagnetic cavity generated by the explosion, described below. However, at
the time, no information was available on the properties and dynamics of the
diamagnetic cavity.

These considerations have received a late support, more than 40 years after
the event, when Dyal (2006]) published a detailed analysis of observations made
at the time of the Starfish explosion by five fully instrumented sounding rockets
near the Johnston Island site. The data had not been in the public domain
until this analysis was published and the observations throw an interesting
light on the “initial conditions” following the explosion that could not be
included in the contemporaneous studies in the 1960s. The details relate to the
dynamics and evolution of the diamagnetic cavity formed immediately after
the explosion. The cavity reached a length of 1840 km along the magnetic field
lines and an extent in height of 680 km, reaching beyond 1000 km above the
explosion site. This extent of the cavity was reached in 1.2 seconds, and the
bubble took about 16 seconds to collapse. The intensity of electrons in the
bubble was extremely high, of order 10'® em™2 s~! initially. The magnetic
field lines were clearly significantly distorted to relatively high L values above
the explosion site, and relaxed once the cavity collapsed, but by that time high
fluxes of electrons became trapped and formed the injection population for the
artificial radiation belts as well as contributing to the generation of auroral
precipitation in a broad range of magnetic latitudes, as described above.

In summary, the high-altitude nuclear detonations in 1958, but even more
obviously those in 1962, and in particular the Starfish event on July 9, 1962,
have generated widely-observed, worldwide geophysical signatures. However,
the geomagnetic effects were not long-lasting, unlike the artificial radiation
belt. The signatures were complex and despite the abundant contemporaneous
literature, the physical phenomenology was at best tentatively identified. It is
not clear whether this was because the near-Earth space environment (includ-
ing the ionosphere and exosphere) and its processes were not well understood
at the time or because the observations, although plentiful, were neither suffi-
ciently comprehensive nor sufficiently accurate. In the absence of such events
since then, it could be worthwhile to revisit the unique set of observations of
the time to investigate if more could be learnt from them, particularly in the
light of the observation made public by [Dyall (2006).

6 Impact on the Power Grid

Since the advent of the electrical telegraph in the mid-19th century, it has
been recognized that long metallic conductors grounded at both ends — e.g.,
power grids, communication cables, pipelines — can efficiently carry electrical
currents that may exist in the Earth. That is because the conductors fash-
ioned by human technology have far less resistivity than does the Earth, and
so the conductors provide an easy path for electrical currents flowing in the
Earth. Geomagnetic disturbances in Earth’s magnetosphere produce varia-



Anthropogenic Space Weather 45

tions in the current systems that flow in the ionosphere. These ionosphere
current variations produce in turn variations in the magnetic field at Earth’s
surface. These magnetic variations generate electrical currents flowing in the
solid Earth (illustrated in Fig. |§| under a high altitude nuclear explosion).
Significant electrical potential differences can occur over both short and long
distances depending upon the scale sizes of the changing electrical currents
in the ionosphere and the spatial conductivity of the underlying Earth, both
horizontally and vertically.

This geophysical effect was evident during the Starfish Prime event, when
some 300 streetlights in Honolulu, about 1500 km from the detonation site,
were extinguished. An analysis by |Vittitoe| (1989) indicated that the orienta-
tion of the magnetic fields from the bomb-produced EMP was consistent with
the production of the streetlight outage (Vittitoe, |1989)). The reported outage
at the same time of a microwave telecommunications link between Kauai and
other Hawaiian islands could have been caused by damage or outage of the
electrical power to the microwave station by the EMP event. The damaging
effects of EMP that can be expected on the electrical power grid of the na-
tion (as well as on other infrastructures such as communications, banking and
finance, transportation) are outlined in [Foster et al.| (2004)).

While the streetlight failures in Oahu were apparently due to fuses in the
system |Vittitoe (1989)), the outages of electrical power systems due to geo-
magnetic activity can be produced by a number of different factors depend-
ing upon the grid system, the overlying ionosphere, and Earth’s conductivity.
The Quebec outage of 1989 was caused by induced current-produced voltage
depressions that could not be compensated by the system’s automatic com-
pensation equipment. This event also saw generators tripping out of service
and other effects in other systems (Vittitoe, [1989). The picture of the damage
of a transformer at the Salem nuclear power plan in New Jersey in the 1989
event remains an iconic symbol of natural space weather effects on technical
systems.

The 2008 Workshop report from the National Academies (Baker et al.
2008) indicates that the least understood aspect of power system failure during
a geomagnetic event is the permanent damage and loss of grid assets, especially
large and costly transformers. These transformers can experience excessive
levels of internal heating that is caused by the induced Earth currents flowing
through the devices. The heating can produce melting and burn-through of
copper windings. Such damaged transformers cannot be repaired in the field,
and have to be replaced. The Report discusses the implications of the long lead
times for producing new transformers, and therefore the implications of long
outages if many are damaged in a geomagnetic event. The same considerations
apply to the societal implications of many damaged transformers that will
occur in an EMP event, as outlined in |Foster et al.| (2004)).
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7 Other HEMP Impacts

Much of the literature on HEMP is either classified or not easily accessible.
Savage et al.| (2010) and [Foster et al. (2008) discuss some “real life” effects.
Here we briefly outline some of these phenomena.

7.1 Cars

Some say that all vehicles traveling will come to a halt, with all modern ve-
hicles damaged because of their use of modern electronics. A car does not
have very long cabling to act as antennas, and there is some protection from
metallic construction. As non-metallic materials are used more and more in
the future to decrease weight and increase fuel efficiency, this advantage may
disappear. More recently, the number of microprocessors in cars and the re-
liance on microprocessors in all motor vehicles has increased greatly. Also, the
sensitivity of the electronic circuitry to EMP has increased due to the use of
smaller electronic components designed to operate on lower voltages. The fact
is that not all cars need to be damaged to make the traffic stop. It is enough
to permanently damage less than half (some sources say even 15%) of cars to
block cities, highways and supply lines.

7.2 Mobile Devices

About 95% of these devices already have an internal electromagnetic interfer-
ence shielding (which is there to protect the components from affecting each
other). Plus, these devices are very small (comparing to the power grid) so
there is a very good chance that mobile devices can be used immediately after
an EMP. But not to make calls or to search stuff on the internet. Telecommu-
nication antennas will be fried so signal (on any kind) will be dead. But if the
phone is connected to the power grid — charging — at the moment when the
EMP hits it will be killed.

7.3 Pacemakers

The hermetically sealed can is a pretty good Faraday cage so the pacemaker
will suffer no direct damage from an EMP. A bipolar system with, say, 5mm
electrode separation will, with a major high-altitude EMP generating ~25
kV/m in the northern US, deliver a voltage pulse to the circuitry of about
900V — this will not damage a pacemaker, they are designed to cope with
external defibrillator voltages. A unipolar system, where the electrodes may
be 15cm apart, will generate a bigger voltage, maybe 4-5kV, to the generator,
and this could be damaging.
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7.4 Airplanes

Older planes use hydraulics and cables attached to the pilot controls (with
manual valve actuation and direct pressurization from the ram air turbine)
which means they will still have semi-functional flight controls. Newer planes
(almost all airlines) will be extremely difficult to control after all their elec-
tronic parts will be fried. But even so, all Airbus and Boeing planes are demon-
strated to be controllable with complete electrical failure. They would be ex-
tremely difficult to land, but it would still be possible. All planes will be turned
into semi-controllable gliders... with newer planes having almost no control and
older planes having almost full control over the plane. And pilots will face a
very hard task: to land the plane, with highways being full of broken cars, no
emergency services and if it is night then add no ground lights to this. But an
EMP will not cause planes to enter in a spin and pancake into the ground.

7.5 Maximum Conductor Length

There is a suggestion that equipment will be OK if all connected conductors
are less than a specific length. Certainly shorter lengths are generally better,
but there is no magic length value, with shorter always being better and longer
not. Coupling is much too complex for such a blanket statement — instead it
should be “the shorter the better, in general.” (There can be exceptions, such
as resonance effects, which depend on line lengths.)

7.6 Turn Equipment Off

There is truth to this recommendation (if there were a way to know that a
burst was about to happen). Equipment is more vulnerable if it is operating,
because some failure modes involving HEMP E1 phase trigger the system’s
energy to damage itself. However, damage can also happen, but not as easily,
to systems that are turned off.

8 Space Weather Effects of Anthropogenic VLF Transmissions
8.1 Brief History of VLF Transmitters

By the end of World War 1, the United States military began use of very low
frequency radio transmissions (VLF; 3 - 30 kHz) for long-distance shore to
surface ship communications (Gebhard| [1979). Since very high power can be
radiated from large shore-based antenna complexes, worldwide VLF commu-
nication coverage was feasible, and along with LF and HF systems (300 kHz -
30 MHz) these bands carried the major portion of naval communications traf-
fic before later higher frequency systems came online. Early experiments also
showed that VLF could penetrate seawater to a limited depth, a fact realized
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by the British Royal Navy during World War I (Wait, [1977). Given this real-
ization, when the modern Polaris nuclear submarine era began in the 1950s,
the US Naval Research Laboratory conducted a series of thorough radio prop-
agation programs at VLF frequencies to refine underwater communications
practices (Gebhard, [1979)). Subsequent upgrades in transmission facilities led
to the current operational US Navy VLF communications network, and other
countries followed suit at various times. For example, Soviet naval communi-
cation systems were likely brought online in the late 1920s and 1930s during
the interwar expansion period, and high power VLF transmitters were later
established in the late 1940s and 1950s for submarine communications and
time signals. These included Goliath, a rebuilt 1000 kW station first online in
1952 which partly used materials from a captured German 1940s era megawatt
class VLF station operating at 16.55 kHz (Klawitter et al., [2000).

Table 2 of |Clilverd et al.| (2009)) lists a variety of active modern VLF trans-
mitter stations at distributed locations with power levels ranging from 25 to
1000 kW. These transmissions typically have narrow bandwidths (< 50 Hz)
and employ minimum shift keying (Koons et al., [1981). Along with these com-
munications signals, a separate VLF navigation network (named Omega in the
US and Alpha in the USSR) uses transmissions in the 10 kW range or higher
(e.g. Table 1 of Inan et al.l [1984) with longer key-down modulation envelopes
of up to 1 second duration.

8.2 VLF Transmitters as Probing Signals

Beginning in the first half of the 20th century, a vigorous research field emerged
to study the properties of VLF natural emissions such as whistlers, with at-
tention paid as well to information these emissions could yield on ionospheric
and magnetospheric dynamics. Due to the high power and worldwide prop-
agation of VLF transmissions, the geophysical research field was well poised
to use these signals as convenient fixed frequency transmissions for monitor-
ing of VLF propagation dynamics into the ionosphere and beyond into the
magnetosphere (e.g. Chapter 2 of [Helliwell| (1965); |Carpenter| (1966)). This
was especially true since VLF transmissions had controllable characteristics
as opposed to unpredictable characteristics of natural lightning, another ubig-
uitous VLF source. Beginning in the 1960s and continuing to the present, a
vast amount of work was undertaken by the Stanford radio wave group and
others (e.g. Yu. Alpert in the former USSR) on VLF wave properties, in-
cluding transmitter reception using both ground-based and orbiting satellite
receivers. These latter experiments occurred both with high power communica-
tions and/or navigation signals and with lower power (~100 W), controllable,
research grade transmitter signals.

The transmitter at Siple Station in Antarctica (Helliwell, |[1988) is worthy of
particular mention, as the installation lasted over a decade (1973-1988) and is
arguably the largest and widest ranging active and anthropogenic origin VLF
experiment series. Two different VLF transmitter setups were employed at
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Siple covering 1 to ~6 kHz frequency, with reception occurring both in-situ on
satellites and on the ground in the conjugate northern hemisphere within the
province of Québec. Of particular note, the second Siple “Jupiter” transmitter,
placed in service in 1979, had the unique property of having flexible high power
modulation on two independent frequencies. This allowed targeted investiga-
tions of VLF propagation, stimulated emissions, and energetic particle precipi-
tation with a large experimental program employing a vast number of different
signal characteristics not available from Navy transmitter operations. These
included varying transmission lengths, different modulation patterns (e.g. AM,
SSB), polarization diversity, and unique beat frequency experiments employ-
ing two closely tuned VLF transmissions. Furthermore, the ability to repeat
these experiments at will, dependent on ambient conditions, allowed assembly
of statistics on propagation and triggered effects. These led to significant in-
sights that were not possible for studies that relied on stimulation from natural
waves (e.g. chorus) that are inherently quite variable.

Several excellent summaries of the literature on VLF transmission related
subjects are available with extensive references, including the landmark work
of as well as the recent Stanford VLF group history by
. As it is another effect of anthropogenic cause, we mention briefly
here that a number of studies in the 1960s also examined impulsive large
amplitude VLF wave events in the ionosphere and magnetosphere caused by
above-ground nuclear explosions (e.g. Helliwell, [1965; Zmuda et al |1963).

Observations of VLF transmissions included as a subset those VLF signals
that propagated through the Earth-ionosphere waveguide, sometimes contin-
uing into the magnetosphere and beyond to the conjugate hemisphere along
ducted paths (Helliwell and Gehrels| |1958} [Smith), [1961). Ground based VLF
observations (Helliwell, [1965|) and in-situ satellite observations of trans-iono-
spheric and magnetospheric propagating VLF transmissions were extensively
used as diagnostics. For example, VLF signals of human origin were observed
and characterized in the topside ionosphere and magnetosphere for a variety
of scientific and technical investigations with LOFTI-1 (Leiphart et al., [1962)),
0GO-2 and OGO-4 (Heyborne et al.| [1969; [Scarabucci, 1969), ISIS 1, ISIS
2, and ISEE 1 (Bell et al., [1983)), Explorer VI and Imp 6 (Inan et al., [1977),
DE-1 (Inan and Helliwell, [1982; [[nan et all 1984} Rastani et al. 1985} Son-|
walkar and Inan, [1986), DEMETER (Molchanov et al., 2006; Sauvaud et al.
2008), IMAGE (Green et al., 2005), and COSMOS 1809 (Sonwalkar et al.
1994). VLF low Earth orbital reception of ground transmissions have been
used also to produce worldwide VLF maps in order to gauge the strength of

transionospheric signals 1990).

8.3 VLF Transmitter Induced Effects in the Ionosphere and Magnetosphere

Given ambient terrestrial ionosphere and magnetosphere magnetic field and
electron density values, VLF fixed frequency transmissions can not only pass
through the medium but can under certain conditions trigger a variety of nat-
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ural stimulated wave emissions, often interacting with existing particle pop-
ulations in these regions. Observations exploring these physical mechanisms
have been and continue to be conducted both from the ground and in-situ
within the ionosphere and magnetosphere. Section 3 of [Parrot and Zaslavski
(1996)) provides a mid 1990s snapshot review of observations and mechanisms.

Work in the 1960s and 1970s found that during sufficiently long key-
down transmitter periods, triggered electron precipitation and stimulated wave
events could occur, known as Trimpi effects (Helliwell et al.| (1973)); see also
the observational and theoretical reviews by [Helliwell (1988) and |Omura et al.|
(1991))). These findings, other electron precipitation observations (Imhof et al.,
[1986; Inan et al., 1982, 1984} 1985; |Sauvaud et al., 2006; Vampola, |1987] 1990)
and later theoretical work (e.g.|Abel and Thorne, [1998) led to the realization
that VLF waves of sufficient amplitude might be useful in modifying the radi-
ation belt electron populations through so-called Radiation Belt Remediation
(Inan et al., 2003; Rodger et al., [2006)), consisting of precipitation by alter-
ation of particle pitch angle and therefore lowering of the minimum bounce
altitude (2nd adiabatic invariant). For example, the US Air Force DSX satel-
lite scheduled for a 2017 launch will carry an onboard VLF transmitter for
in-situ attempts to initiate radiation belt remediation mechanisms.

Unmodulated (i.e. carrier only) monochromatic waves from high power
ground VLF transmitters have also been observed to quench natural magne-
tospheric hiss emissions (Raghuram et al.,[1977), and VLF transmitted pulses
were thought to be amplified in the magnetosphere during storms through
wave-electron interactions (Smith and Clilverd, 1991). Tonospheric heating and
perturbations in electron and ion densities have been associated with VLF
transmitters as well (Inan et al.| [1992; [Parrot et al., 2007)).

8.4 VLF Transmitter Interactions Within the Radiation Belts

The theoretical work of |[Abel and Thorne| (1998)) predicted that the lifetimes
of relativistic radiation belt electrons from L = 1.3 to 2.8 should be strongly
influenced by VLF transmitter signals, and perhaps that this mechanism was
responsible for the ‘slot’ region between the inner and outer radiation belts,
although updated VLF wave propagation modeling seemed to cast some doubt
on these findings by suggesting a potential overestimation of wave amplitudes
Cohen et al., 2012} [Starks et al., 2008, [2009). However, |[Abel and Thorne)|
1998) and |Kulkarni et al.| (2008)) asserted that typical VLF transmitter fre-
quencies could not resonate beyond L = 2.2 to 2.4 at the equator due to
propagation characteristics and an increase in wave absorption as the wave
frequency approaches the electron gyrofrequency. Significantly, these results
were obtained using an electron density typical of conditions inside the plas-
masphere (10 cm™3).

The recent launch of the equatorial plane Van Allen Probes dual satel-
lite mission in late 2012 (Mauk et al) [2013|) has provided a large amount
of new observational information on radiation belt electron populations and
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their dynamics. The satellites carry a high fidelity electromagnetic wave pack-
age (Kletzing et al.,[2013), and data from this sensor has led to renewed study
of the role of VLF transmission effects on relativistic electron dynamics within
the magnetosphere. It has been well established that electrons in the variable
outer belt are affected by substorm injections and other inner magnetospheric
dynamic processes, causing associated changes in populations at general ring
current energies in the 10s to 100s of keV. Through a multi-step process (see
Figure 1 of |Jaynes et al., 2015, recent research has found that these seed par-
ticles can provide significant energy reservoirs for highly efficient and dynamic
wave-particle interactions on very short time scales, through mechanisms such
as cyclotron resonance that directly affect relativistic electrons. Resonant in-
teractions can remove energy from pre-existing inner magnetospheric particle
populations and can subsequently amplify coherent waves (e.g. rising tone
chorus) that are highly efficient at affecting relativistic electrons through mul-
tiple mechanisms. These factors result in large overall changes both in particle
loss and/or acceleration for electrons from ring current energies out to ultra-
relativistic energies.

New observations from Van Allen Probes wave and particle instruments
have provided high fidelity equatorial plane in-situ measurements of ground
based VLF transmissions out to >24,000 km radial distance (L~2.8), at the
edge of what [Foster et al.| (2016) term the VLF bubble. VLF transmissions
that propagate to these locations are strong and nearly omnipresent due to
naval military operational considerations for submarine communications as
mentioned previously. Initial investigations point to these strong VLF fixed
frequency transmissions of anthropogenic origin as playing a potentially im-
portant role in shaping dynamic responses of the radiation belts, primar-
ily through interactions with wave amplification processes for those coherent
plasma wave modes known to be highly resonant with relativistic particles
outside the plasmasphere.

In particular, the plasmapause and associated plasmasphere boundary layer
(Carpenter and Lemaire) 2004) overlaps the region where the equatorial out-
ward extent of the VLF bubble lies. During disturbed intervals, the plasma-
pause can be retracted at or inward of the nominal VLF bubble edge, causing
peak resonance energies at typical VLF transmission bands to shift dramati-
cally away from the lower energies calculated by |[Abel and Thorne| (1998) and
towards relativistic particle populations (Foster and Rosenberg), |1976; [Foster
et all 2016). Significant spatial variation in resonance effects can therefore
occur under retracted plasmasphere situations, with associated variations in
wave-particle interactions possessing high degrees of coupling to relativistic
electrons.

Foster et al.|(2016) presented Van Allen Probes wave data from the great
17 March 2015 storm showing a dramatic increase in wave intensity around
a ~21 kHz VLF transmitter frequency band, in the region where the trans-
mitter signal extended beyond the contracted plasmapause (cf. Figure .
These intensifications occurred at the radial location where the ground based
VLF transmitter frequency bands were near half the local electron cyclotron
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Fig. 35 (Top) Van Allen Probes A EMFISIS electric field intensity spectra from 30 Hz to
500 kHz are shown during a period following the 17 March 2015 great storm on 18 March
2015 at 18:30 UT, with 0.5 fce and frgr denoted by sloping black lines. The plasmapause
boundary is indicated by the vertical black line at L = 2.65. In the region where a ~21 kHz
transmitter signal extended beyond the plasmapause, enhanced emissions were observed as-
sociated with frequencies close to a VLF transmitter band (white arrow). (Bottom) Electric
field wave intensity near ~21 kHz increased by > 10° as L decreased from 3.2 to 2.7. The
plasmapause position at L = 2.65 determined from the EMFISIS upper hybrid frequency and
the outer extent of enhanced emissions near the VLF transmitter frequency are indicated

with black vertical lines. Adapted from (2016).

frequency, under conditions appropriate for the generation of whistler-mode
stimulated emissions. The resultant electric field intensity in the transmitter
frequency band was observed up to 100,000 times background. Sharp gradi-
ents in highly-relativistic outer zone electron fluxes were also observed to be
spatially coincident with the region of VLF enhancement, suggestive of the sig-
nificant space weather effects of VLF transmitters in defining the earthward
extent of outer radiation belt “killer electrons” (e.g. Baker et al., [2014} Foster|
et al. . In the region at the outer extent of the VLF bubble, beyond
the contracted plasmapause, interactions involving signals from ground based
VLF transmitters have a high cyclotron resonant potential to cause energetic
electron precipitation, wave amplification, and/or other associated effects.
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We note in passing that these effects may potentially be congruent with
previously reported observations of whistler mode amplification (>10X) in
ground based VLF transmitter signals propagating through the magnetosphere
along L. = 2.5 field lines during large storms, with such observations interpreted
by the authors as due to wave-particle interactions (Smith and Clilverd} [1991)).

Investigations of these inner magnetospheric VLF transmitter stimulated
effects near the VLF bubble edge are in early stages, and work is under-
way to examine the detailed relationship between VLF transmitter signals,
stimulated emissions, and resonant particle populations. Relevant for this dis-
cussion, wave-particle interactions in this category depend by their nature on
the characteristics of pre-existing inner magnetospheric particle populations
placed there by e.g. substorm injections or earlier disturbances with subse-
quent radial diffusion. Further understanding of the potential anthropogenic
space weather effects of ground based VLF transmitters therefore will depend
on elucidation of the multi-step pathways involved as well as detailed examina-
tions of the time history and characteristics of the required resonant particles.
Nevertheless, VLF transmissions of anthropogenic origin may constitute a key
space weather influence on pathways that fundamentally alter the storm-time
radiation belt. Under these assumptions, it is interesting for the reader to con-
sider what the terrestrial radiation belt environment might have been in the
pre-transmitter, and pre-observation, era.

9 High Frequency Radiowave Heating

Modification of the ionosphere using high power radio waves has been an im-
portant tool for understanding the complex physical processes associated with
high-power wave interactions with plasmas. There are a number of ionospheric
heating facilities around the world today that operate in the frequency range
~2-12 MHz. The most prominent is the High Frequency Active Auroral Re-
search Program (HAARP) facility in Gakona, Alaska. HAARP is the most
powerful radio wave heater in the world; it consists of 180 cross dipole anten-
nas with a total radiated power of up to 3.6 MW and a maximum effective
radiated power (EFR) of ~4 GW. The other major heating facilities are EIS-
CAT, SURA, and Arecibo. EISCAT is near Tromso, Norway and has an EFR
of ~1 GW. SURA is near Nizhniy Novgorod, Russia and is capable of trans-
mitting ~190 MW ERP. A new heater has recently been completed at Arecibo,
Puerto Rico with ~100 MW ERP. There was a heating facility at Arecibo that
was operational in the 1980s and 1990s but it was destroyed by a hurricane in
1999. The science investigations carried out at heating facilities span a broad
range of plasma physics topics involving ionospheric heating, nonlinear wave
generation, ducted wave propagation, and ELF/VLF wave generation to name
a few.

During experiments using the original Arecibo heating facility, [Bernhardt
et al.| (1988) observed a dynamic interaction between the heater wave and the
heated plasma in the 630nm airglow: the location of HF heating region changed
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as a function of time. The heated region drifted eastward or westward, depend-
ing on the direction of the zonal neutral wind, but eventually “snapped back”
to the original heating location. This was independently validated using the
Arecibo incoherent scatter radar for plasma drift measurements (Bernhardt
et al.,|1989)). They suggested that when the density depletion was significantly
transported in longitude, the density gradients would no longer refract the
heater ray and the ray would snap back, thereby resulting in a snapback of
the heating location as well. However, a recent simulation study using a self-
consistent first principles ionosphere model found that the heater ray did not
snap back but rather the heating location snapped back because of the evolu-
tion of the heated density cavity (Zawdie et al., 2015)).

The subject of ELF wave generation is relevant to communications with
submarines because these waves penetrate sea water. It has been suggested
that these waves can be produced by modulating the ionospheric current sys-
tem via radio wave heating (Papadopoulos and Chang 1989)). Experiments
carried out at HAARP (Moore et al., [2007)) demonstrated this by sinusoidal
modulation of the auroral electrojet under nighttime conditions. ELF waves
were detected in the Earth’s ionosphere waveguide over 4000 km away from
the HAARP facility.

VLF whistler wave generation and propagation have also been studied with
the HAARP facility. This is important because whistler waves can interact
with high-energy radiation belt electrons. Specifically, they can pitch-angle
scatter energetic electrons into the loss cone and precipitate them into the
ionosphere(Inan et al.,|2003)). One interesting finding is that the whistler waves
generated in the ionosphere by the heater can be amplified by specifying the
frequency-time format of the heater, as opposed to using a constant frequency
(Streltsov et al.l [2010)).

New observations were made at HAARP when it began operating at its
maximum radiated power 3.6 MW. Specifically, impact ionization of the neu-
tral atmosphere by heater-generated suprathermal electrons can generate ar-
tificial aurora observable to the naked eye (Pedersen and Gerkenl [2005) and
a long-lasting, secondary ionization layer below the F' peak (Pedersen et al.,
2009). The artificial aurora is reported to have a “bulls-eye” pattern which is a
refraction effect and is consistent with ionization inside the heater beam. This
phenomenon was never observed at other heating facilities with lower power
(e.g., EISCAT, SURA).

10 Chemical Releases

Chemical releases in space have been carried out since the early 1960s. The
first release experiments were performed by scientists at the Max Planck Insti-
tute for Extraterrestrial Physics. Barium was used because it rapidly ionizes
in sunlight. One of the first successful experiments was at an altitude of 2000
km (Lust, |2001) but most of the subsequent experiments were in the altitude
range 150 — 250 km. The original purpose of these experiments was to create
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an artificial cometary tail in order to understand the interaction of the solar
wind with cometary ions Biermann| (1951)), however, it was soon realized that
these releases could be used as a diagnostic of the ionosphere (e.g., the neutral
wind and electric field), as well as a method to study basic plasma physics
processes (e.g., ion-neutral interactions, plasma wave generation). Recogniz-
ing the scientific value of chemical release experiments, two chemical release
missions were carried out by NASA: AMPTE (Active Magnetospheric Parti-
cle Tracer Explorers) (Haerendel et all [1985) and CRRES (Combined Release
and Radiation Effects Satellite) (Reasoner] [1992).

AMPTE was launched in August, 1984. Lithium and barium were released
in the solar wind and in the geomagnetic tail. A key objective of the solar wind
releases echoed the original motivation of chemical releases: the generation and
evolution of an artificial cometary tail. An interesting and surprising result was
that the barium ion cloud did not immediately move in the direction of the so-
lar wind, rather, the cloud initially moved perpendicular to the IMF and solar
wind direction. Subsequent analysis indicated that barium ion inertial length
was sufficiently large that the Hall term dominated the early evolution of the
cloud (Harold and Hassam, |1994])). A second objective was to trace lithium ions
from the solar wind into the magnetosphere. However, analysis of data from
the Charge Composition Explorer (CCE) inside the magnetosphere following
two lithium releases detected no lithium in the magnetosphere(Krimigis et al.,
1986). AMPTE barium releases in the earth’s magnetotail revealed complex
motions (Mende et al.| [1989) and rapid plasma structuring (Bernhardt et al.,
1987). The structuring was explained by a new Rayleigh-Taylor instability
mediated by the Hall term(Hassam and Hubay, [1987)).

The CRRES satellite was launched in July, 1990 and the chemical releases
were from the CRRES satellite itself as well as from a number of sound-
ing rockets. The original mission plan was to launch the satellite from the
space shuttle. It would spend 90 days in LEO and perform chemical release
experiments. It would then transfer to a geosynchronous orbit and perform
more releases. However, because of the 1986 Challenger disaster the mission
plan changed and the satellite was inserted directly into geosynchronous or-
bit. To accommodate the loss of the LEO chemical releases, sounding rockets
were used. A number of diverse science objectives were addressed by the mis-
sion: critical ion velocity ionization, generation and evolution of diamagnetic
cavities, magnetosphere-ionosphere coupling, modification of energetic elec-
tron distribution functions, stimulation of magnetospheric waves, and possible
inducement of enhanced auroral activity (Reasoner] [1992)). The bulk of the
chemical releases used lithium and barium. However, one rocket experiment
used sulfur hexafluoride (SFg). SFg reacts with cold electrons and becomes
a negative ion. The idea was to release SFg in the post-sunset, bottomside,
equatorial ionosphere to create a large electron ‘hole’ which would act as a
trigger for equatorial spread F. Equatorial spread F did occur during this
experiment and believed to be triggered by the chemical release (Mendillo,
private communication, 2016) but the cause was not unambiguous.
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Another chemical that has been used extensively to detect and measure
thermospheric winds in the altitude range 80 — 140 km is trimethyl aluminum
(TMA). TMA reacts with oxygen to produce chemiluminescence that is easily
observable at night. A large database of wind profiles has been developed
(Larsen), 2002)) that show variability in thermospheric winds. as well as strong
wind shears in the E-region between 100 and 110 km that are often associated
with sporadic E.

Recently the United States Air Force conducted chemical release experi-
ments at the Kwajalein Missile Range to assess their impact on radio wave
propagation in the ionosphere (Caton et al. 2016|). The Metal Oxide Space
Cloud (MOSC) experiment was carried out in 2013 in which samarium va-
por was released at 170 km and 180 km. The samarium vapor created an
ionized plasma cloud through both photoionization and chemical ionization;
this cloud created observable signatures in optical sensors, radar backscatter,
and HF propagation diagnostics. A major goal of this experiment is to de-
termine the viability of using chemical releases to maintain communications
during disturbed ionospheric conditions by suppressing ionospheric instabil-
ities. In fact the Air Force is sponsoring research to develop small satellites
known as CubeSats to release chemicals to improve radio frequency commu-
nications(Hambling, |August 20, 2016).

In summary, chemical releases have been used for over 50 years to study
plasma processes in the space environment and still continue to be used. The
two overarching objectives of these experiments are to diagnose the environ-
ment (e.g., measure physical quantities such as thermospheric winds and elec-
tric fields) and to artificially generate plasma processes to better understand
them (e.g., plasma waves, diamagnetic cavities, ion-neutral interactions).

11 Space Debris

Space debris consists of human-made waste, junk, and defunct objects orbit-
ing in space ((Klinkrad, 2010). The debris consists of objects as large as spent
rocket stages, and as small as flakes of paint. Additional debris can be pro-
duced by collisions between debris objects. Some debris has been produced by
intentional tests of anti-satellite systems. As the use of space has increased dra-
matically since Sputnik, the amount of human space debris has also increased
substantially. The space debris literature often discusses whether the amount
of debris, and its interactions with itself, has reached the “Kessler syndrome”
(Kessler and Cour-Palais| [1978]), where the density of debris in some orbital
locations becomes high enough that debris collisions will cascade. If so, some
orbits could become unusable.

Space debris can be considered an anthropogenic space hazard. But debris
is not a space weather phenomenon. Nevertheless, space debris can damage
and even destroy space assets, just as can naturally-occurring micrometeoroids.
Debris can “sand-blast” and pock-mark surfaces in space, from thermal blan-
kets to solar cells and optical telescopes and star trackers. Large debris objects
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can potentially render an entire mission inoperable through a collision. Debris
in the lowest orbits will be de-orbited and burned up in the atmosphere dur-
ing times of solar maximum when the atmosphere increases at these altitudes,
causing increased drag on the debris. The removal of debris from higher or-
bits, including at geosynchronous where many communications and national
security space assets fly, remains an important engineering challenge.

12 Summary Discussion

While only recognized in recent times, human intervention in the Earth’s space
environment has occurred ever since the decision was made for alternating cur-
rent as the electrical grid power source. These interventions, both inadvertent
(such as the emission of power line radiation into the magnetosphere) and
intentional (such as high altitude nuclear explosions) can produce a range of
effects that not only resemble, but in many cases are significantly more severe,
than what can be expected from naturally occurring space weather events. As
described in this paper, some anthropogenic effects have been demonstrated
to have the potential for globally destructive results.

The sections in this paper that describe the phenomenology of high altitude
nuclear explosions, the actual formation and phenomenology of long-lasting ar-
tificial radiation belts, their damaging effects on contemporary satellites and
their observable geophysical effects present a picture from the past, but with
a magnified contemporary relevance in the context of space weather. These
early, unrepeatable experiments remain an important reference point in un-
derstanding the phenomena that a disturbed space environment can present
— nowadays expected to be the result of solar activity, rather than human
intervention.

It is remarkable how the early space pioneers, within the first decade of the
space age, were able to make progress in understanding the Earth’s space envi-
ronment, thanks to increasingly sophisticated and targeted instrumentation on
a range of Earth satellites, as well as taking advantage of the man-made space
weather events. The situation currently is well exemplified by the successes
of the detailed observations of the dual Van Allen Probes in the radiation
belts, as well as by the measurements of numerous other satellite missions
all contributing to building an ever more detailed picture of phenomena in
the near-Earth space environment. At the same time, modeling and simula-
tions have progressed to an incomparable extent since the early means at the
disposal of the observers and theoreticians of the Starfish events in 1962.

Current human intervention that can affect the space environment is rather
more benign, such as using VLF signals as probes of near-Earth phenomena
and ionospheric heating for clarifying the complex interactions of the iono-
sphere with many different wave fields. These experiments are carried out with
a reasonable understanding of their potential effects and present only well-
contained risks. Other experiments, such as the chemical releases that have
been performed in the ionosphere and magnetosphere, have — generally speak-
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ing — negligible and evanescent effect on the environment, while contributing in
a more limited way, to understanding relatively small-scale dynamic processes.

James Van Allen could rightly claim that the Argus nuclear explosions
in 1958 “... undoubtedly constitute the greatest geophysical experiment ever
conducted by man. The observations have great significance in understanding
the nature of the geomagnetic field, the mechanisms of trapping of particles
in the geomagnetic field, the origin of aurorae and-magnetic storms, and the
density of the very high atmosphere.” (Letter from James Van Allen to James
R. Killian, Office of the President of the United States, dated February 21,
1959.) Tt is to be hoped that no high altitude nuclear explosions will be car-
ried out in the future, as the reliance of civilization in this first part of the
21st century on a complex technology infrastructure in the near-Earth space
environment has increased enormously when compared to the situation half a
century ago. In fact the “experiments” in 1958, originally designed for miti-
gation purposes, together with the rather more destructive ones in 1962, did
bring a better early understanding of the Earth’s natural radiation belts. Since
that era, near-Earth space research has progressed to a far greater level of so-
phistication so that such experiments are not only unthinkable, but they would
destroy much of the infrastructure of our current civilization.

The most dramatic — and unexpected — anthropogenic space weather phe-
nomenon is the high-altitude nuclear EMP (HEMP). As it can be seen in Fig.
a megaton-class nuclear explosion at an altitude of ~ 400 km produces a very
fast electromagnetic pulse. The rise-time of this pulse is about 100 times faster
than the rise-time of lightning while the generated electromagnetic fields are
comparable (~ 50 kV/m). In addition, this pulse covers a continent-size area
at the same time. The effect can be devastating for modern society: it can
disrupt transportation, energy production and distribution, global and local
computer networks and many other aspects of modern life we take for granted.
The Hiroshima and Nagasaki nuclear devices had explosive powers of 15 kt
and 21 kt, respectively. A relatively crude, but factor of 20 larger device can
cause devastating effects in the US or Western Europe. Such a device in the
hands of terrorists or a rogue nation would pose a major threat to the world.

While the study of space weather, as a scientific discipline, has deep roots
from the time of installation of the first telegraph lines, to the early years of
the space age, the subject remains a lively and timely topic that has become
essential as part of the global technological infrastructure in space and on the
ground. Anthropogenic intervention forms a portion of the past, and a modest
component of the present, but it is now rightly dominated by the natural
phenomena from the Sun to the Earth.
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