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Simulation of High-Altitude Electromagnetic Pulse (HEMP)
above Sea Surface

Hong-Cheng Wei and Jean-Fu Kiang

Abstract—High-altitude electromagnetic pulse (HEMP) radiated from both primary and secondary
currents, which are induced by a nuclear explosion, is computed by using the Jefimenko’s equation.
The effects of geomagnetic field is considered in computing the primary current, and the rough sea
surface is considered in computing the reflected electric field in the frequency domain. The waveforms
of HEMP near sea surface and a few km above it are simulated. The impulse and pulse characteristics
are discussed, as well as the variation of peak field magnitude when the observation point is moved
away from beneath the burst point.

1. INTRODUCTION

High-altitude electromagnetic pulse (HEMP) was first studied in the early 1960s [1]. Interactions of an
EM pulse on complex objects such as aircrafts, satellites, ships, were also investigated [1]. Many HEMP
field tests were conducted on electronic systems, military systems and civilian infrastructures [2].

The generation mechanisms and models of HEMP were presented in [3] and [4]. Basically, a nuclear
explosion will produce γ rays, which excite air molecules in the upper atmosphere to generate Compton
electrons. These Compton electrons move in parallel with the γ rays and gyrate around the geomagnetic
field lines. Secondary electrons are induced when the Compton electrons ionize air molecules in their
way. Both the Compton (primary) current and the secondary current contribute to the radiated electric
field, which forms an HEMP.

An HEMP may cause damages to electronic equipments on board of maritime ships [5]. Due to
the operational environment, the electrically conductive superstructure, topside hardware and antenna
systems, the evaluation of potential threat on ships by an HEMP attack becomes complicated [6]. The
VHF radios for communications and container cranes on ships are also vulnerable to an HEMP attack
[7].

Both pulse and continuous-wave (CW) simulators were used for evaluating the integrity of
electromagnetic shields in large objects like aircrafts, ships and ground-based communications systems.
Continuous-wave test methods for such tasks were reviewed in [8]. A series of CW illumination
measurements, up to 100 MHz, on ships were made in 1992, to measure possible penetration through
the deck by using a single-wire transmission line. For larger ships or for ships with openings on the hull,
a complete illumination is needed.

Countermeasures against HEMP attacks on ships were studied [9–12]. The interaction and coupling
phenomena of HEMP with the antennas, cables, and mast structures of a ship was estimated [13]. In [14],
a method was presented to simulate the electric fields at different frequency components of an HEMP,
with an IEC-61000-2-9 waveform radiated upon a ship’s board from vertical and oblique directions,
respectively.
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Figure 1. Coordinate systems defined to simulate an HEMP event.

In this work, the electric field of an HEMP is simulated near the sea surface and a few km above
the sea level. The Jefimenko’s equation is used to compute the radiation from the induced currents.
The effects of geomagnetic field and reflection by rough sea surface are also included. This paper is
organized as follows: The theoretical model is presented in Section 2, simulation results are discussed
in Section 3, and some conclusions are drawn in Section 4.

2. THEORETICAL MODEL

Figure 1 shows the coordinate systems defined to simulate the electric fields of an HEMP caused by a
nuclear explosion. The origin O′ represents the burst point, which is directly above the origin O, with
OO′ = ẑh. The primary current density, under the effects of geomagnetic field, can be expressed as [3]

Jpri,r′(r̄′, t′) � −eζv0g(r̄′)
∫ Rγ/v0

0
dτ ′′ (cos2 θ′ + sin2 θ′ cos ωLτ ′′)

f

(
τ ′ − (1 − β cos2 θ)τ ′′ + β sin2 θ

sin ωLτ ′′

ωL

)

Jpri,θ′(r̄′, t′) � −eζv0g(r̄′)
∫ Rγ/v0

0
dτ ′′ sin θ′ cos θ′

(
cos ωLτ ′′ − 1

)
f

(
τ ′ − (1 − β cos2 θ′)τ ′′ + β sin2 θ′

sinωLτ ′′
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)

Jpri,φ′(r̄′, t′) � −eζv0g(r̄′)
∫ Rγ/v0

0
dτ ′′ sin θ′ sin ωLτ ′′

f

(
τ ′ − (1 − β cos2 θ′)τ ′′ + β sin2 θ′

sinωLτ ′′

ωL

)
(1)

where e = 1.6 × 10−19 coul is the basic charge unit, ζ � 1, v0 = 0.95c m/s is the mean velocity of
primary electrons; ωL = eB0/(γLme) is the cyclotron frequency, with γL = 1/

√
1 − β2 and β = v0/c;

t′ = t−R/c, τ ′ = t′ − r′/c and τ ′′ = t′ − t′′; t is the time to observe the electric fields above sea surface,
with the burst occurring at t = 0; t′ is the time to observe the primary current in the source region,
t′′ is the time when a γ ray interacts with air molecules in the source region; Rγ � 3 × 102ρ0/ρ (cm)
is the mean distance a primary electron travels in the atmosphere; ρ and ρ0 are the air density at the
height of interest and on the sea surface, respectively. The functions f(t′) and g(r̄′) can be represented
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as [3, 15]

f(t′) =
e−α1/t′−α2t′u(t′)∫ ∞

0
dt′e−α1/t′−α2t′

, g(r̄′) =
Yγ

Eray

exp
{
−

∫
dr′/	m

}
4πr′2	m

where Yγ = 0.001Y (ton) is the γ ray yield; Y (ton) is the yield of the explosive; Eray (MeV) is the
mean γ ray energy, which is set to 1.6 in this work; 	m � 3 × 104ρ0/ρ (cm) is the mean-free-path of
primary electrons; and α1 = 2×10−8 s and α2 = 2×108 s−1 are two empirical parameters. Fig. 2 shows
a typical pulse waveform f(t′) [15], which is used in the subsequent simulations.

Figure 2. A typical pulse waveform f(t′) [15].

The secondary current density can be expressed as J̄sec = σĒ, where
σ(r̄′, t′, |Ē|) = eμe(r̄′, |Ē|)nsec(r̄′, t′) (2)

is the effective conductivity [3], me = 9.1 × 10−31 kg is the electron mass, νc = 4 × 1012ρ/ρ0 (s−1) is
the collisional frequency, and the number density of secondary electrons, in the presence of geomagnetic
field, can be expressed as [3, 16]

nsec(r̄′, t′) � −q
v0

Rα
g(r̄′)

∫ τ

−∞
e−k1(τ−τ ′)dτ ′

∫ Rα/v0

0
dτ ′′f

(
τ ′−(1−β cos2 θ)τ ′′+β sin2 θ

sin ωLτ ′′

ωL

)
(3)

where k1 = 108(ρ/ρ0)2 s−1 is the attachment rate of an electron to an oxygen molecule [4].
By alternately updating the electric field and the air conductivity, the electric field is iterated as [17]

E
(n)
r′ (r̄′, τ ′) = − 1

ε0

∫ τ ′

0
dτ ′′Jpri,r′(r̄′, τ ′′) exp

{
1
ε0

∫ τ ′′

τ ′
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}
(4)
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2
1
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−cμ0

2

∫ r′

r′′
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}
(5)

with n = 2, 3, . . ., until E(n) converges. The convergent electric field is then substituted into (2) to
obtain the convergent air conductivity.

The electric field near the sea surface, induced by the electric current, can be calculated by using
the Jefimenko’s equation as [18]

Ēi(r̄s, t) =
1

4πε0

∫∫∫
V ′
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′)
cR2

+ 2R̄
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′) · R̄
cR4
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]
(6)

where R̄ = r̄s − r̄d. Eq. (6) can be transformed to the frequency domain as

Ēi(r̄s, ω) =
1
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+ R̄
jωJ̄(r̄d, ω) · R̄

c2R3
− jωJ̄(r̄d, ω)

c2R

]
e−jωR/c (7)



198 Wei and Kiang

where

Ēi(r̄s, t) =
1
2π

∫ ∞

−∞
dωĒi(r̄s, ω)ejωt (8)

The current density in the source region is transformed to J̄(r̄d, ω) = e−jωr′/cJ̄0(r̄d, ω), where

J̄0(r̄d, ω) =
∫ ∞

0
dτ ′J̄(r̄d, τ

′)e−jωτ ′
(9)

By substituting (9) into (7), we obtain

Ēi(r̄s, ω) =
1

4πε

∫∫∫
V ′

dr̄d
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− J̄0(r̄d, ω)

cR2
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]
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which can be further decomposed as Ēi(r̄s, ω) = ĒTE
i (r̄s, ω) + ĒTM

i (r̄s, ω).

Figure 3. Schematic of incident and reflected fields above sea surface.

The effects of rough sea surface on maritime communications were studied in [19–23]. Fig. 3 shows
the schematic of incident and reflected fields above sea surface, caused by currents in a specific cube in
the source region. The reflected field at r̄s can be expressed in terms of the TE and TM components as

Ēr(r̄s, ω) = [ΓTEq̂q̂ + ΓTM (p̂p̂ − ẑẑ)] · Ēi(r̄s, ω) (11)

where q̂ = x̂ sin θ1 − ŷ cos θ1, p̂ = x̂ cos θ1 + ŷ sin θ1, θ1 = cos−1(Rx/
√

R2
x + R2

y); and the reflection
coefficients of the TE and TM components on a rough sea surface can be expressed as

ΓTE(r̄s, r̄d, ω) = ρMB
kaz − kgz

kaz + kgz
, ΓTM(r̄s, r̄d, ω) = ρMB

jωε0(kgz − εrgkaz) − σgkaz

jωε0(kgz + εrgkaz) + σgkaz
(12)

where ρMB = e−ξ2/2I0(ξ2/2) is the Miller-Brown roughness reduction factor [24, 25], I0(α) is the zeroth-
order modified Bessel function of the first kind, ξ = 2kaσh sin χ, χ = π/2 − θi, σh = 5.1 × 10−3U2

10
is the standard deviation of sea-surface profile, U10 is the wind speed at 10 m above the sea level,
θi = θr = cos−1

(
−ẑ · R̂

)
, ka = ω

√
μ0ε0, kg = ω

√
μ0ε0εrg

√
1 + σg/(jωε0εrg), kaz = ka cos θi,

kap = ka sin θi, and kgz =
√

k2
g − k2

ap = −jαg + βg.
The reflected field at r̄s, contributed by all the currents in the source region, can thus be expressed

as

Ēr(r̄s, ω) =
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Finally, the total electric field at (r̄a, t) can be expressed as

Ē(r̄a, t) = Ēi(r̄a, t) + Ēr(r̄a, t)

where

Ēr(r̄a, t) =
1

4πε0

∫∫∫
V ′

dr̄d
1
2π

∫ ∞

−∞
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1
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τ ′ = t − (r′ + R + R′′)/c, R̄′ = r̄a − r̄d, R̄′′ = r̄a − r̄s, and k̄r · R̄′′ = kaR
′′ = ωR′′/c.

Figure 4. Schematic to compute the electric field beneath sea surface.

Figure 4 shows the schematic to compute the electric field beneath the sea surface, contributed by
currents in a cube centered at r̄d. The transmitted field at r̄g can be expressed as

Ēt(r̄g, ω) =
[
TTEq̂q̂ + TTM

(
cos θt

cos θi
p̂p̂ +

sin θt

sin θi
ẑẑ

)]
Ēi(r̄s, ω)e−jk̄t·R̄g (16)

where R̄g = r̄g − r̄s, k̄t · R̄g � ωRg/vg + jαgRgz, and the transmission coefficients of the TE and TM
components through rough sea surface are approximated as

TTE(r̄s, r̄g, ω) = ρMB
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, TTM(r̄s, r̄g, ω) = ρMB

cos θi
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Thus, the transmitted field at r̄g, contributed by all the currents in the source region, can be expressed
as

Ēt(r̄g, ω) =
1
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dr̄dĒt0(r̄g, ω)e−jω[(r′+R)/c+Rg/vg ]eαgRgz
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]
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Finally, the time-domain transmitted field at r̄g can be expressed as

Ēt(r̄g, t) =
1

4πε0

∫∫∫
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1
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where τ ′ = t − (r′ + R)/c − Rg/vg.
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Figure 5. Distribution of |J̄pri|max in the source
region, with HOB at h = 100 km.

Figure 6. Distribution of |J̄sec|max in source
region, with HOB at h = 100 km.

3. SIMULATIONS AND DISCUSSIONS

Figure 5 shows the spatial distribution of the maximum amplitude of
∣∣J̄pri

∣∣ in the source region, with
the height-of-burst (HOB) at 100 km. The yield of explosive is assumed to be 10 kiloton; B̄0 is along
the ŷ direction, with magnitude of 0.4 Gauss.

Figure 6 shows the distribution of the maximum amplitude of
∣∣J̄sec

∣∣ in the source region. Fig. 7
shows the distribution of

∣∣∂J̄tot/∂t′
∣∣
max

, where ∂J̄tot/∂t′ is the time derivative of J̄tot. In the subsequent
simulations, the length, width and height of the effective source region are chosen to be 102 km, 102 km
and 18 km, respectively; and the bottom of the source region is at hb = 19 km above the sea surface.

Figure 8 shows the impulse waveform of Eix observed at (xa, ya, za) = (0, 0, 20) m, with the peak
value of −12, 940 V/m. Since the geomagnetic field points in the ŷ direction, making the electrons move
in the x-z plane, thus no Eiy component is observed.

Figure 9 shows the pulse waveform of Eiz at (xa, ya, za) = (0, 0, 20) m, with the peak value of
−37.3 V/m. The distribution of primary current is symmetrical with respect to OO′ shown in Fig. 1.
At observation points along OO′, the z-component of electric field radiated by the primary current is
zero due to symmetry of the primary current distribution, hence the waveform of Eiz shows no impulse
characteristics.

Figure 10 shows the impulse waveform of Erx at (xa, ya, za) = (0, 0, 20) m. The peak values of
Erx at U10 = 0, 5 and 10 m/s are 12, 820, 12, 523 and 9, 052 V/m, respectively. The reflected field at
U10 = 5m/s is almost the same as that at U10 = 0 m/s. The waveforms of Ery and Erz show no impulse
characteristics for the same reason as the incident field. Most spectral components of the incident field
are below 100 MHz. At low or mild wind speeds, the Miller-Brown roughness reduction factor (ρMB) is
close to unity. Take U10 = 5 m/s for example, ρMB = 1, 0.9993 and 0.9324 at f = 1, 10 and 100 MHz,
respectively, with θi = 45◦. At U10 = 10 m/s and θi = 45◦, we have ρMB = 0.9999, 0.9887 and 0.4323 at
f = 1, 10 and 100 MHz, respectively. Hence, the waveform of the reflected field appears similar to that
of the incident field.

Figure 11 shows the impulse waveform of Ex at (xa, ya, za) = (0, 0, 5) m. The Erx begins to rise
right after the fall of Eix. Thus, the field magnitude during this transition period changes more rapidly
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Figure 7. Distribution of |∂J̄tot/∂t′|max in the
source region, with HOB at h = 100 km.

Figure 8. Waveform of Eix impulse at
(xa, ya, za) = (0, 0, 20) m, t0 = 333.26µs.

Figure 9. Waveform of Eiz pulse at (xa, ya, za) =
(0, 0, 20) m, t0 = 333.26µs.

Figure 10. Waveforms of Erx impulse at
(xa, ya, za) = (0, 0, 20) m, t0 = 333.4µs; ——:
U10 = 0, −−−: U10 = 5m/s, −◦−: U10 = 10 m/s.

than that at za = 20 m.
Figure 12 shows the impulse waveforms of Eix at (xa, ya, za) = (0, 0, 2) km. The peak value of Eix

is −13, 210 V/m, which is slightly larger than that at (xa, ya, za) = (0, 0, 20) m because the former is
observed at a shorter distance from the source region than the latter.

Figure 13 shows the pulse waveform of Eiz at (xa, ya, za) = (0, 0, 2) km, with the peak value of
−42.2 V/m.

Figure 14 shows the impulse waveform of Erx at (xa, ya, za) = (0, 0, 2) km. The peak values are
13, 462, 13, 148 and 9, 477 V/m, at U10 = 0, 5 and 10 m/s, respectively. Similar to the observation in
Fig. 10, the peak value at U10 = 10 m/s is smaller than those at lower wind speeds.

Figure 15 shows the distributions of impulse amplitude of Ex, Ey and Ez, respectively, along the
xa axis, with (ya, za) = (0, 20) m and U10 = 10 m/s. The Ez component shows impulse characteristics at
xa �= 0 where the contribution from the primary currents in the source region is not completely canceled
out. The Ey component shows no impulse characteristics at xa �= 0 due to symmetry of the primary
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Figure 11. Waveform of Ex impulse at
(xa, ya, za) = (0, 0, 5) m with t0 = 333.3µs, U10 =
10 m/s.

Figure 12. Waveforms of Eix impulse at
(xa, ya, za) = (0, 0, 2) km, t0 = 326.6µs.

Figure 13. Waveform of Eiz pulse at
(xa, ya, za) = (0, 0, 2) km, t0 = 326.6µs.

Figure 14. Waveforms of Erx impulse at
(xa, ya, za) = (0, 0, 2) km, t0 = 340µs; ——:
U10 = 0, −−−: U10 = 5m/s, −◦−: U10 = 10 m/s.

Figure 15. Impulse amplitude of total electric
field along xa axis, (ya, za) = (0, 20) m and U10 =
10 m/s. ——: Ex, −−−: Ey, − ◦ −: Ez.

Figure 16. Impulse amplitude of total electric
field along ya axis, (xa, za) = (0, 20) m and U10 =
10 m/s. ——: Ex, −−−: Ey, − ◦ −: Ez.

current distribution with respect to the xz-plane.
Figure 16 shows the distributions of impulse amplitude of Ex, Ey and Ez, respectively, along the ya

axis, with (xa, za) = (0, 20) m and U10 = 10 m/s. The amplitude of Ey increases with |ya| because the
difference of contribution from primary currents in the source region with y > ya and that with y < ya

increases with |ya|. The Ez component shows impulse characteristics at ya �= 0 for the same reason that
explains Fig. 15.
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4. CONCLUSION

A complete model of HEMP generation, including the effects of geomagnetic field and reflection from
sea surface, has been established to simulate the HEMP waveforms above sea surface. Both pulse and
impulse characteristics are observed and analyzed. Simulations results at 20 m and 2 km, respectively,
above sea level are also compared. The effects of rough sea surface under different wind speeds are
considered. Reflected components of an HEMP near the sea surface may impose stronger threat than
the incident HEMP alone. Various parameters characterizing HEMPs have been presented and analyzed
based on the simulation results.
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