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Abstract—The spitze phenomenon is an outstanding feature of electromagnetic wave propagation through the
ionosphere. It consists in a ray path cusp that occurs between vertical propagation and a critical angle called
the spitze angle. This angle that depends on the propagating wave frequency and on the geomagnetic field
intensity and inclination, has gained renewed importance for its role in ionospheric modification by powerful
radio wave experiments. Here we consider Earth’s magnetic field secular variation on two distinctive times-
cales. First, the most drastic scenario considered is a polarity reversal. We present consequent changes in the spitze
angle for three plausible transitional scenarios. Second, we track changes during the past 115 years based on geo-
magnetic field observations. Globally, we find that the spitze spatial variation is determined mainly by geomagnetic
inclination with larger values for smaller inclinations. However, locally the spitze time variation differs from site
to site and may depend on the evolution of either field intensity or inclination. Despite the long-term times-
cales considered, understanding the origin of the spitze spatio-temporal variations on various timescales is
important from a physical point of view to unravel magnetized plasma phenomena.

DOI: 10.1134/S0016793222010066

1. INTRODUCTION
Radio waves with a frequency range of 3–30 MHz,

designated as high frequency (HF) waves, are used in
long-distance communication and detection. Some
outstanding features of radio wave propagation in the
ionospheric plasma, such as the spitze phenomenon,
bi-refraction, the existence of radio windows and
some special effects when the frequency of a radar
transmitter is close to a harmonic of the electron
gyrofrequency, are controlled by the Earth’s magnetic
field. In particular, the spitze phenomenon (Poever-
lein, 1948) occurs for the ordinary ray when the prop-
agation is in the magnetic meridian for incident angles
in the range between zero (vertical incidence) and a
critical value called spitze angle, φc. This angle
depends on the propagating wave frequency, f, and on
the geomagnetic field intensity and inclination, B and
I respectively (Davies, 1965). The importance of the
spitze angle concept received increasing interest due to

its application in ionospheric modification by power-
ful radio wave experiments and ionospheric heating
(Isham et al., 2005; Honary et al., 2011; Liu et al.,
2018; Streltsov et al., 2018) since it corresponds,
together with the magnetic zenith, to limits for obtain-
ing the maximum topside backscattered power.

The incidence angle of the ordinary mode
(O-mode) within the spitze results in a Z-mode
(which corresponds to a slow extraordinary mode)
conversion process. The Z-mode is able to penetrate
to altitudes above the O-mode reflection height,
where the conversion of electromagnetic waves to
electrostatic waves, or plasma modes, is more effi-
cient, inducing Langmuir waves and excitation of
upper hybrid resonance oscillations. Theoretically,
this leads to a more rapid development of the reso-
nance instability and potentially a greater magnitude
of electron temperature enhancement. The spitze
angle value defines then an angle range between ± this
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value, called Z-mode window or Ellis-window (Ellis,
1953, 1955, 1956; Smith, 1973), for which mode con-
version from the initial ordinary wave to an extraordinary
polarized Z-mode wave is favorable (Mjølus, 1984,
1990; Mishin et al., 2016). The coupling between these
modes is more efficient when the incident angle coin-
cides with the Spitze angle (Kim and Lee, 2006).
Numerical simulations obtain the enhanced O-mode
to Z-mode conversion at the Spitze direction (Can-
non, 2016; Cannon et al., 2016).

This situation changes at low latitudes, as shown by
Eliasson and Papadopoulos (2016), who analyzed the
propagation and non-linear interaction between
large-amplitude electromagnetic waves and the iono-
spheric plasma in the magnetic equatorial region,
where the magnetic field is dominantly horizontal.
Here, O-mode waves injected vertically and within the
spitze region lead to the excitation of artificial iono-
spheric turbulence. In addition, there are HF heating
experiments at Arecibo, where the beam is directed
vertically while the inclination of the geomagnetic
field is 43.5° (Eliasson et al., 2018).

In general, even though the strongest effects on the
ionospheric plasma occur when the radar angle is
close to the magnetic zenith angle, the spitze angle
also plays a role. For example, Watanabe et al. (2014)
showed an enhancement of the parametric decay,
through strong Langmuir turbulence generation, with
the HF pointing angle between the spitze angle and
the magnetic zenith angle. The role of the spitze angle
within experiments is also mentioned by Eliasson et al.
(2015) and Mishin et al. (2016). So, even though it is
not the optimum angle for artificial ionospheric heat-
ing experiments, it acts as a limit, especially within
theoretical studies.

The Earth’s magnetic field, key to the spitze effect,
varies greatly with time. Over millennial timescales,
the most drastic change occurs during polarity rever-
sals. In the past 5 million years, reversals took place
every ~200000 years on average, although this fre-
quency is highly variable (Jacobs, 1994; Glassmeier
et al., 2009; Olson and Amit, 2015). In fact, the last
reversal occurred about 780000 years ago (Jacobs,
1994). During a polarity reversal, which lasts between
~2000 and 12000 years (Clement, 2004), the field at
the Earth’s surface may diminish to about 10% of its
normal magnitude and may also substantially change
its configuration. The present field can be approxi-
mated by a geocentric magnetic dipole with its axis
tilted ~10° with respect to Earth’s rotational axis. This
dipole accounts for ~80% of the magnetic field power
at the Earth’s surface while non-dipolar components
make for the remaining ~20%. On decadal timescales,
since the advent of geomagnetic intensity measure-
ments the axial dipole has been rapidly decreasing
(e.g. Olson and Amit, 2006; Finlay, 2008).

Although the understanding of geomagnetic rever-
sals has improved considerably over the years (e.g.
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Valet and Fournier, 2016), the dominance of a dipolar
or multi-polar configuration during polarity transi-
tions is still under debate. Amit et al. (2010) summa-
rized several reversal scenarios with two extremes for the
dipolar component: a dipole collapse and a dipole rota-
tion where only the axial dipole would vanish by transfer-
ring its energy to the equatorial dipole components.
Regarding the non-dipolar field, Amit et al. (2010) con-
sidered three main possibilities: (1) decrease and recov-
ery in phase with the dipole collapse, (2) remains
unchanged, or (3) grows throughout the reversal pos-
sibly due to energy transfer from the dipole (Amit and
Olson, 2010; Huguet and Amit, 2012) or dynamo con-
figurations favouring the generation of a non-dipolar
field.

Variations in Earth’s magnetic field strength and
morphology can impact several aspects of ionospheric
physics (which includes basically space plasma physics
and magnetohydrodynamics) such as radio wave prop-
agation, thermosphere-ionosphere dynamics, and
space weather. However, the field’s secular variation
consequences on radio wave propagation with a paleo-
magnetic perspective were barely studied (Fagre et al.,
2020). In the present work the spitze angle variation is
determined for three plausible geomagnetic field con-
figurations during reversals. Although these reversal
scenarios are hypothetical, they may encompass some
key ingredients of paleomagnetic reversals (Amit et al.,
2010). These scenarios were recently considered to
study variations in ionospheric Hall and Pedersen
conductances (Zossi et al., 2018), in the location and
shape of polar caps (Zossi et al., 2019) and some
effects on radio wave propagation (Fagre et al., 2020).
In addition, we explore the spitze angle variation over
the past 115 years using the historical geomagnetic
field record. Although this short period exhibits far
smaller secular variation, the rapid decrease in the
geomagnetic dipole intensity during the historical era
(e.g. Finlay, 2008) may provide a detectable signature
on the ionospheric dynamics (Tsyganenko, 2019;
Zossi et al., 2020). Overall, understanding the origin
of spitze angle spatio-temporal variations on various
timescales is an interesting topic from a geophysical
point of view, linked to magnetized plasma phenom-
ena, as well as for its potential practical applications.
For example, in combination with the magnetic zenith
angle, changes in the spitze angle may provide insight
to the direction (elevation and azimuth) of the HF sig-
nal used to pump the ionosphere.

The theoretical background of our study is
described in section 2 followed by the methodology in
section 3. Results are presented in section 4, and some
concluding remarks are discussed in section 5.

2. THEORY
The spitze phenomenon was discovered by Her-

mann Poeverlein in 1948 (Poeverlein, 1948; Davies,
1965). It consists in a discontinuity or cusp at the reflec-
 2022
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Fig. 1. Schematic illustration of the sptize angle φc shown from Fig. 3 of the original paper by Poeverlein (1948). (a) Ordinary ray
paths for increasing incident angle φ: a corresponds to φ = 0, b to φ < φc, and c to φ > φc. Only rays a and b show a spitze. (b)
Enlarged view of the “spitze” of the ray path. (Permission to reproduce the illustration granted by Bayerische Akademie der Wis-
senschaften).
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tion point in some ray paths of an electromagnetic wave
travelling through the ionospheric plasma. This ray path
cusp is called “spitze”, a term adapted from German
(meaning “pointed” or “sharp”). Figure 1 shows a sche-
matic illustration of the spitze phenomenon obtained
from the original paper by Poeverlein (1948). To intro-
duce the concept of the spitze angle, intimately related
to this phenomenon, we present the following expla-
nation.

Considering the neutral atmosphere below the ion-
osphere as a free space with refractive index n = 1, an
electromagnetic wave travelling from below and enter-
ing the ionosphere is refracted along its path due to n
variation. Ionospheric n, assuming a cold magneto-
plasma where only electrons need to be taken into
account (valid approximation for the propagation of
HF signals in the ionosphere), is given by the Apple-
ton-Hartree equation, that is

(1)

with

(2)

(3)

where fo is the plasma frequency, fB the gyrofrequency,
N the electron number density, e the electron charge,
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m the electron mass,  the free space permittivity, and
the angle Θ corresponds to the angle between the
direction of the wave propagation and the magnetic
field vector. The upper sign in the denominator refers
to the ordinary and the lower sign to the extraordinary
components respectively, which result from double
refractivity of the ionosphere due to the Earth’s mag-
netic field presence.

When a radio wave has vertical incidence at the
base of the ionosphere, that is φ = 0, it reflects from
the height level where X = 1, that is when n becomes 0
(or equivalently when f reaches fo) independent of the

magnetic field value or orientation. As the incidence
angle increases, when it travels in the magnetic merid-
ian, it still reflects from the same height level where
X = 1, up to an upper critical incidence angle φc, called

spitze angle, that corresponds to (Poeverlein, 1948;
Budden, 1960)

(4)

where the wave normal becomes parallel to the mag-
netic field.

This expression is obtained considering the Booker
quartic equation as done by Budden (1960) or from
Poeverlein’s graphical method (Poeverlein, 1948). It
can also be deduced with the following considerations,
knowing “a priori” the propagation conditions. If the
incident angle at the base of the ionosphere is φc where

n = 1, the angle of the wave normal at the reflection
point will be I, since, according to these propagation
conditions (Poeverlein, 1948; Budden, 1960) it
becomes parallel to the geomagnetic field. The angle
of refraction is then (90-I) and Θ = 0. According to
Snell’s law sin(φc) = ncos(I). Substituting Θ = 0 in

Equation (1), considering the + sign for the ordinary
mode, and then substituting X = 1, gives at the reflec-

tion point n = (Y/1 + Y)1/2, which is consistent with
Snell’s law in Equation (4).

For greater φ values the wave reflects at lower
heights. That is, for 0 ≤ φ ≤ φc and a given f, the wave

reaches the highest possible level for that frequency,
corresponding to X = 1. In doing this, the ordinary
wave ray path never becomes horizontal, as mentioned
at the beginning of this section, and n takes suddenly
the value corresponding to reflection conditions pro-
ducing the discontinuity or cusp in the ray path called
“spitze”.

According to Equation (4), φc depends on two fac-

tors: Y and cos(I). The first factor, Y, corresponds to
the fB/f ratio that depends on B and f, as seen in Equa-

tion (3). Within the HF range, f has a sub-range of
possible values within which the radio wave can be
reflected. It goes from a lower limit imposed by fo val-

ues at the ionospheric E-layer (not much smaller than
its critical value foE ~ 3–4 MHz), to a maximum
value, which for almost perpendicular incidence as

εo
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1

c
Y I

Y
φ =

+

GEOMAGNETISM AND AERONOMY  Vol. 62  No. 1 
our case, does not exceed much the F2-layer critical
frequency foF2 (~8–10 MHz). This puts an upper
limit to Y corresponding to the maximum possible B
(which for the present field corresponds to ~65000 nT)
and the minimum possible f, which implies Y ~ 0.4.
Combining with the maximum cos(I) value, that is 1,
we obtain a maximum hypothetical φc of ~32°. In

practice this value is not reached because in the pres-
ent almost dipolar field, maximum cos(I) takes place
at the minimum B, hence the maximum attainable φc

is lower being ~28°. These limits on Y, which varies
between 0 and ~0.4, turn the cos(I) factor running
from 0 to 1 into the more determinant factor of φc spa-

tial variation.

3. METHODOLOGY

The spatial variation of the spitze angle was
assessed on a 1° × 1° latitude-longitude grid for two
applications. First, we considered synthetic reversal
scenarios. We calculated the spatial variation of the
spitze angle for the present field and three plausible
transitional scenarios: an axial dipole collapse where
the axial dipolar component is set to zero keeping the
equatorial dipole as well as higher degrees unchanged,
a dipole rotation transferring the power of the axial
dipole on the core-mantle boundary (CMB) to the
equatorial dipolar components, and an energy cascade
with a transfer of the dipole power on the CMB to the
quadrupolar and octupolar components. Second, we
considered the observed geomagnetic field in the
period 1900–2015 from the International Geomag-
netic Reference Field 12th Generation (IGRF12)
(Thébault et al., 2015).

The present-day geomagnetic B and I, which are
the primary variables needed to calculate φc, are

obtained from IGRF12. For the transitional scenarios
we modified accordingly the Gauss coefficients in
IGRF12 for 2015. The calculation of these synthetic
transitional magnetic field models is described in
detail in Zossi et al. (2019).

For the historical time variation, between 1900–
2015, we considered the IGRF12 model expanded
until spherical harmonic degree and order 13 and in
steps of 5-years.

4. RESULTS

Figure 2 shows the spitze angle φc spatial variation

for the present geomagnetic field and for each of the
three reversing scenarios. For comparison, Fig. 3
shows the corresponding distributions of cos(I). Larg-
est φc values occur in regions where cos(I) is largest.

For the present field with a dominant axial dipolar
configuration, this occurs around the magnetic equa-
tor, as seen in Figs. 2a and 3a. Under a dipole rotation
scenario the largest φc also occurs along the corre-

sponding magnetic equator, which in this case is
 2022
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Fig. 2. Spitze angle φc for f = 10 MHz and (a) the present Earth’s magnetic field, (b) an axial dipole collapse, (c) a dipole rotation,
and (d) an energy cascade. Note the different scales.
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almost parallel to a meridian, as noticed in Figs. 2c
and 3c. For less dipolar configurations the spitze spa-
tial variability becomes smaller scale with greater φc at

locations with larger cos(I), that is more horizontal
field lines, as seen from the comparison of Figs. 2b, 2d
with Figs. 3b, 3d. Despite these smaller scale configu-
rations the largest φc emerge at the southern hemi-

sphere (Figs. 2b, 2d) where the present-day field is less
dipolar (e.g. Olson and Amit, 2006).

Minimal φc occur for more vertical field lines, as is

the case at the polar caps. In fact, some of their loca-
tions coincide with the polar caps shown in Zossi et al.
(2019). There are additional low φc areas for vertical

field line regions which do not correspond to polar
caps. For the present-day field smallest φc appear at

the four high-latitude intense geomagnetic f lux
patches (e.g. Jackson et al., 2000; Amit et al., 2011;
Gillet et al., 2015) where the inclination is largest. Also
note a relatively small φc at the South Atlantic Anom-

aly (Terra-Nova et al., 2017) where the field exhibits
strong deviation from dipolarity and relatively large
inclination (Figs. 2a and 3a). Overall, for all four field
configurations the two quantities φc and cos(I) exhibit

high spatial correlation, as expected.

The spatial variation of φc due to the secular geo-

magnetic field variation in the last 115 years is much
smaller than that predicted for reversal scenarios, to
the point that it is almost identical to that shown in
Fig. 2a. However, even small, we can analyse in this
case the time variation for two locations that are
extreme cases: (8° N, 96° E) which presents the largest
φc value (18.8° considering f = 10) for 2015, and
GEOMA
(86° N, 153° W) which presents a very low φc value

(0.03° again considering f = 10). Figure 4 shows φc
time evolution during the last 115 years for these
selected locations. Calculations were performed every
5 years beginning in 1900. Here, B and cos(I) are also
plotted to show how the φc time variation in one of the

selected locations follows very closely B (and not
cos(I)), and in the other it follows very closely cos(I)
(and not B). At low latitudes the inclination is small
(or cos(I) is large, see Fig. 3a) so the local intensity
exhibits relatively larger temporal variability and hence
dominates the evolution of the φc value (Fig. 4a), whereas

at high latitudes the inclination is large (Fig. 3a) so rela-
tively large temporal changes in cos(I) dominate the
evolution of the φc value (Fig. 4d).

As an application of our study, Fig. 5 presents φc
time evolution for two locations which have high-
power transmitters for ionospheric studies and con-
sider the spitze angle value for their experiments:
Gakona (62° N, 145° W), Alaska, and Tromso
(70° N, 19° E), Norway. These two sites belong to
The High-frequency Active Auroral Research Pro-
gram (HAARP) (Pedersen et al., 2010) and European
Incoherent Scatter (EISCAT) (Rietveld et al., 2016)
heating facilities, respectively. Both sites reside at high
latitudes where φc is quite small.

During the historical era the φc value in Tromso has

mostly been decreasing (Figs. 5c, 5d), in agreement
with the evolution of the high-latitude weak φc value

site in Fig. 4d. However, the φc value in Gakona exhib-

its a more complex evolution with a non-trivial
GNETISM AND AERONOMY  Vol. 62  No. 1  2022
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Fig. 3. Inclination angle cosine, cos(I), for (a) the present Earth’s magnetic field, (b) an axial dipole collapse, (c) a dipole rota-
tion, and (d) an energy cascade.
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Fig. 5. As in Fig. 4 for Gakona (62° N, 145° W) (a) and Tromso (70° N, 19° E) (b).
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increase until ~1980 and a decrease thereafter
(Figs. 5a, 5b). In both sites the φc evolutions follow

closely the evolutions of cos(I) (Figs. 5b, 5d). Also
shown in Figs. 5a, 5c are the B variations at both sites,
which differ markedly from that of φc in these cases at

most times.

5. CONCLUSIONS

The spitze angle, which exists only in a magnetized
plasma, changes its spatial distribution and time vari-
ability according to Earth’s magnetic field orientation
and intensity. Overall, regions of large or small spitze
values are associated with low or high inclination,
respectively. For the present field configuration,
which is dominantly axial dipolar, the greatest spitze
values are found at the magnetic equator, and the low-
est at the polar caps. A similar situation occurs for a
prevailing equatorial dipole (dipole rotation scenario)
at the corresponding magnetic equator, which in this
scenario runs through the longitudes of Africa and the
mid-Pacific Ocean. For less dipolar transitional field
configurations the spitze spatial variability becomes
GEOMA
smaller scale, though largest values are found in the
southern hemisphere.

Local φc time variation depends on the relative vari-

ation of B and I at each site, which may differ mark-
edly for different geographical regions. At high-lati-
tude sites low spitze angles (Fig. 2a) that are character-
ized by large inclinations (Fig. 3a) generally have
been decreasing during the past 115 years in conjunc-
tion with the corresponding local decreases in cos(I)
(Figs. 4d and 5d). An exception is the site in Alaska
that shows an increase until 1980 followed by a
decrease until present (Fig. 5a). Indeed, the intense
geomagnetic f lux patch on the CMB below north
America has been more mobile than other high-lati-
tude f lux patches (Amit, 2014), with detectable signa-
ture of this mobility at Earth’s surface as well (Zossi
et al., 2020). Conversely, at low-latitude sites large
spitze angles (Fig. 2a) that are characterized by small
inclinations (Fig. 3a) have been increasing during the
past 115 years in conjunction with the corresponding
local increase in B (Fig. 4a).

These changes in the spitze angle may be of practi-
cal relevance in the far as well as near future. They
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could matter for certain applications linked to plasma
physics, such as artificial plasma perturbations which
are greatest for angles in a narrow band around the
spitze angle or somewhere between the spitze and the
magnetic field directions. Changes in the spitze angle
then will imply changes in the pumping optimal direc-
tion to induce the artificial perturbations. Our results
demonstrate that the spitze values at particular rele-
vant sites may vary rapidly over decadal timescales
(Fig. 5), including sharp temporal change of trend
(Figs. 5a, 5b). Over millennial timescales, particularly
during a reversal, these sites may witness changes of as
much as ~10 degrees in the spitze angle depending on
the transitional field configuration.

As stated in the seminal review paper by Yeh and
Liu (1972), “one of the most outstanding features of a
plasma is the change of its electromagnetic properties
when it is under the influence of an external steady
magnetic field”. This is precisely the case of the iono-
sphere embedded in Earth’s magnetic field, with the
spitze phenomenon being one of these outstanding
features. Overall, unravelling the electromagnetic
properties of the ionospheric plasma during a reversal
and in the historical era may highlight possible effects
of dipole decrease which is currently ongoing (e.g.
Finlay, 2008).
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