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ARTICLE INFO ABSTRACT

Knowledge of the state of the upper atmosphere, and in particular of the ionosphere, is essential in several ap-
plications such as systems used in radio frequency communications, satellite positioning and navigation. In
general, these systems depend on the state and evolution of the ionosphere. In all applications involving the
ionosphere an essential task is to determine the path and modifications of ray propagation through the iono-
spheric plasma. The ionospheric refractive index and the maximum usable frequency (MUF) that can be received
over a given distance are some key parameters that are crucial for such technological applications. However,
currently the representation of these parameters are in general simplified, neglecting the effects of Earth’s
magnetic field. The value of M(3000)F2, related to the MUF that can be received over 3000 km is routinely scaled
from ionograms using a technique which also neglects the geomagnetic field effects assuming a standard
simplified propagation model. M(3000)F2 is expected to be affected by a systematic trend linked to the secular
variations of Earth’s magnetic field. On the other hand, among the upper atmospheric effects expected from
increasing greenhouse gases concentration is the lowering of the F2-layer peak density height, hmF2. This
ionospheric parameter is usually estimated using the M(3000)F2 factor, so it would also carry this “systematic
trend”. In this study, the geomagnetic field effect on MUF estimations is analyzed as well as its impact on hmF2
long-term trend estimations. We find that M(3000)F2 increases when the geomagnetic field is included in its
calculation, and hence hmF2, estimated using existing methods involving no magnetic field for M(3000)F2
scaling, would present a weak but steady trend linked to these variations which would increase or compensate the
few kilometers decrease (~2 km per decade) expected from greenhouse gases effect.
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(Reinisch et al., 1998). Assuming the signal propagation is at the speed of
light in vacuum, c, for the whole path, a virtual height, ', also called
equivalent (or apparent) height, can be estimated from

1. Introduction

The ionosphere is the plasma region of the upper atmosphere that is
coupled to meteorological processes from below (Yigit and Medvedev,
2015) and to space weather effects from above (Yigit et al., 2016).
Ionospheric measurements began in the early 1900s with a
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high-frequency radar known as ionosonde, which sends vertically short
pulses of high-frequency electromagnetic waves. At a certain height these
waves are reflected back toward the ground and the ionosonde records
the time delay, T, between the transmitted and the received signal

The virtual height at a given frequency is then the distance that the
electromagnetic wave would have traveled in half the elapsed time T at
the speed of light. Since electromagnetic waves within the ionosphere
travel more slowly than c, i.e., with group velocity vg<c, the actual height
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of a reflecting reference layer is smaller than the deduced h'.

Ionograms are produced by varying the wave frequency and then
plotting h' in terms of frequency.

Obtaining the true height electron density profile from ionogram data
is a complex procedure for which several methods have been developed
(Scotto et al., 2012). In particular, the peak height of the profile at which
the maximum electron density occurs, hmF2, can be estimated in a
simple way using its inverse relation to M(3000)F2 factor (Shimazaki,
1955; Bilitza et al., 1979; Dudeney, 1983), which corresponds to the
maximum usable frequency (MUF) at which a radio wave can propagate
from a given point over a distance of 3000 km divided by foF2.

The most widely used formula is given by Shimazaki (1955) assuming
an F2 layer with no underlying ionization, and neglecting the geomag-
netic field, that is

1490

hmF2 =
"= M(3000)F2

176 (2)

A correction AM was introduced later to consider a more realistic
ionosphere so that Eq. (2) becomes

1490

hmF2 = ————— —
M(3000)F2 + AM

176 3

Bradley and Dudeney (1973) took into account the underlying ioni-
zation and obtained for AM the following expression
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Bilitza et al. (1979) considered in addition the solar activity level
through the 12-month running mean sunspot number, R;2, and Earth’s
magnetic field including in the formula the dip latitude, ¢. AM
then yields
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The increasing interest in long-term trends in the upper atmosphere in
the context of climate change, mainly attributed to the increasing
greenhouse gases concentration, brought the search of long ionospheric
data series (encompassing several decades), specially of hmF2. In fact,
according to earlier theoretical models (Roble and Dickinson 1989;
Rishbeth 1990) the increased concentration of greenhouse gases would
induce a cooling in the thermosphere, together with a decrease in air
density and a contraction of the upper atmosphere, with a consequent
decrease of ionospheric layers. For a hypothetical scenario of doubling of
CO; a cooling of 30-40 K in the thermosphere was modeled and an hmF2
decrease of 15-20 km. Observations have supported this hypothesis for
the actual changes in CO3 (Qian et al., 2011; Zhang et al., 2011; Lasto-
vicka et al., 2014) but have also suggested that an increase in CO, does
not completely account for the observed thermospheric temperature
trend (Zhang et al., 2016).

In order to assess long-term trends in hmF2, or in any other iono-
spheric parameter, the solar activity effect must be excluded first since
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solar variations have a significant impact at F2 region altitudes espe-
cially via the associated variability in the direct solar insolation and
high-latitude energy and momentum inputs. As the solar activity has a
prominent ~11 year periodicity, and considering that trends are more
reliable for longer data intervals (Mielich and Bremer, 2013), at least 2
to 3 decades of data are needed in order to obtain statistically signifi-
cant results. In fact, most of the publications on hmF2 trend analysis use
the longer data series available in order to obtain reliable results, with
most of the records dating back to the International Geophysical Year
1957, and some with the earliest records since the 1940s (Ulich and
Turunen, 1997; Upadhyay and Mahajan, 1998; Mikhailov and Marin,
2001). This requirement on data series length led researchers to use
ionospheric characteristics scaled manually from film or paper iono-
grams made by the ionosondes that preceded the modern digital ion-
osondes (McNamara, 2008), with the only options for hmF2 estimation
through M(3000)F2 or hpF2 that is the virtual height at a frequency
equal to 0.834 foF2, which can be used as a substitute for hmF2 (Zolessi
and Cander, 2014).

The hmF2 data series that have been analyzed in most of the publi-
cations until now, are obtained through the Shimazaki (1955) (Eq. (2)) or
Bradeley and Dudeney (1973) formula (Eq. (4)) which uses M(3000)F2
without any consideration of Earth’s magnetic field and its variations.
Being aware of this limitation, apart from the necessity of a special
quality control of the data when dealing with historical data sets stressed
by many authors and especially in the work by McNamara (2008), we
want here to emphasize the importance of considering the effect of
geomagnetic field secular variations on an ionospheric characteristic
such as M(3000)F2 which is widely used to detect ionospheric trends.

This factor is obtained manually using a transmission-curve based on
the propagation of radio signals in the ionosphere neglecting Earth’s
magnetic field. Current studies assume that the error associated with this
approximation is insignificant compared to other error sources such as
the assumption of geographic uniformity of the ionosphere over the
transmission path. Assuming a constant geomagnetic field this assump-
tion would not lead to an error in hmF2 trend estimation. It consists at
most in a constant systematic error for not taking into account a factor in
M(3000)F2 estimation that affects absolute values but do not affect slope
assessments in linear trend analysis. However, the terrestrial magnetic
field varies, with the most drastic change being a polarity reversal that
takes place on average every ~200 000 years (Glassmeier et al., 2009).
This means that the error introduced in hmF2 estimation using M(3000)
F2, varies accordingly. Since the expected hmF2 trends as a consequence
of greenhouse effect are less than 1%/year, the “trending” error associ-
ated with ignoring the magnetic field effects could completely screen it.

There is in addition the error associated with the hmF2 calculation. A
thorough and deep analysis of the accuracy of hmF2 formulas using
M(3000)F2 has been performed in the work by McNamara (2008).
Considering that the uncertainty in scaled values of M(3000)F2 is
+0.05 MHz plus a random component raising it to 0.1, a ~15 km error in
hmF2 results using the Shimazaki formula, for example. As stated in the
work by McNamara (2008), if errors are random, they should be over-
come using hmF2 monthly medians derived using the correspond-
ing formula.

In the present work the terrestrial magnetic field effects on M(3000)
F2 and the error introduced in hmF2 obtained through formulas in terms
of M(3000)F2 are analyzed. Possible hmF2 trends induced by geomag-
netic field secular variations on M(3000)F2 are compared to trend values
expected from the long-term thermosphere cooling linked presumably to
increasing greenhouse gases concentration.

Section 2 describes how M(3000)F2 is obtained through ionograms
manual scaling. In Section 3 the effect of considering Earth’s magnetic
field is analyzed together with the consequences of secular variations,
followed by Section 4 where Bilitza’s formula is analyzed for a varying
magnetic field. Finally, discussion and conclusions are presented in
Section 5.
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2. M(3000)F2 estimated from ionograms

The propagation factor M(3000)F2 is routinely scaled from iono-
grams by a standard graphical method (Piggott and Rawer, 1978). This
method employs what is called a transmission curve (Smith, 1939),
which gives the ratio of the equivalent vertical frequency and oblique
incidence frequency of 3000 km distance range, both reflected from a
given virtual height. The curve is constructed assuming a standard
simplified propagation model. Values of this ratio in terms of virtual
height to construct the transmission curve are given in a table in the
Handbook of Ionogram Interpretation and Reduction by Piggott and
Rawer, page 23) (1978). If the ionogram has a logarithmic frequency
scale, the transmission curve, drawn in a transparent slider, is moved
along the frequency axis until it touches the ordinary ray trace. The ab-
scissa value given on the slider at foF2 is M(3000)F2. If the ionogram
frequency scale is not logarithmic a set of standard curves is prepared
from the standard transmission curve, each one corresponding to a given
MUF value. The curve which touches the trace gives the MUF, and
M(3000)F2 is obtained dividing this value in foF2.

The transmission curve calculation is based on two theorems that
neglect Earth’s magnetic field assuming a refractive index p given by

2
f()

-3

U (10)

where f is the frequency of the transmitted wave and f, is the plasma
frequency, given by

Ne?
m

Jo 1D
where N is the electron number density, e is the electron charge, and m is
the electron mass.  The first is Breit and Tuve’s theorem which states
that the equivalent path P’ between transmitter and receiver separated by
a certain distance D is given by the length of the equivalent triangle with
height b/, where h’ is the equivalent or virtual height where the wave
would have been reflected assuming no refraction during its entire path.
The second is Martyn’s theorem stating that the virtual height of
reflection of an obliquely incident wave is the same as that of the
equivalent vertical wave. That is, the virtual height measured at vertical
incidence, I, for a frequency f, is the same as the height of the equivalent
triangular path of distance range D for an oblique higher frequency f=f,
sec ¢1, where ¢, is the angle between the ray entering the ionosphere
through its lower boundary and the corresponding normal. To determine
h' and f corresponding to this transmission, we need to solve the vertical
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Fig. 1. Refractive index, p, estimated with Eq. (10) neglecting B (solid line) and using Eq.
(13) for B=50,000 nT and 6=0° (dashed line).
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incidence equation h'= h'(f,) that is the ionogram profile, and the
transmission equation f,=f/sec ¢, where ¢; is determined from the
height equivalence between a vertical and oblique path and the geometry
of the path.

The solution is obtained graphically from the intersection between
the frequency-virtual height curve of the ionogram and a family of curves
of h' in terms of f, obtained from the transmission equation for different
values of f and D, called transmission curves. The intersection with one of
them for given f and D, gives the height of the equivalent triangular path
for transmission for f over distance D, and also f for that path. The
transmission curve is then a plot of f, against ', as the ionogram, but
fulfilling the equation f,=f/sec ¢;. If the frequencies are plotted loga-
rithmically the transmission curve becomes a logarithmic curve of 1/sec
(1, which can be used for any f' and D. The MUF over a given distance is
the highest frequency for which the two curves have a point in common,
that is when the transmission curve becomes tangent to the ionogram
profile. The frequency corresponding to sec ¢1=1 is then the MUF for
that distance.

Considering Earth’s curvature, ¢ is connected to D and h’ through
the following equation

inD
smﬁ

TR ) (12)
B +1—cosZ

tang, =

where R is Earth’s radius (6378 km).

To consider the curvature of the ionosphere, due to the complexity of
the theoretical treatment (Davies, 1959), a factor k=1.115 is used, so
finally M(3000)F2 results

MUF(3000)

M(3000)F2 =
( ) foF?2

= ksece, 13)

The deduction of Eq. (13) assumes the absence of the geomagnetic
field. This is clear from the refractive index given by Eq. (10) which is the
result of the more general Appleton-Hartree equation neglecting colli-
sion. In the presence of a magnetic field B, p would be given by (Rat-

cliffe, 1962)

2
w= |1- — fo 13)
f f]g'/' f fB'l
ot s\t
where
B
far = fpsind = ———sing as
2
mc
and
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where fp is the gyro-frequency, 0 is the angle between the direction of the
wave normal and B, T stands for transverse and L for longitudinal. The
upper sign in the denominator of Eq. (13) refers to the ordinary
component (o-component) and the lower sign to the extraordinary
(x-component).

Breit and Tuve’s and Martyn’s theorems are no longer valid if B is
taken into account in the wave propagation process; and with p given
now by Eq. (13) there is no simple relation between the quantities for
vertical and oblique rays.

Among the first treatments of this problem, Smith (1939) gives an
example of a transmission curve including B at the level of reflection
showing clearly that a different curve should be considered. Haselgrove
(1957) analyzed changes in both theorems concluding that Martyn’s
theorem is more inaccurate than Breit and Tuve’s theorem. With a
computer ray-tracing algorithm using the refractive index given by Eq.
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Fig. 2. Idealized h'(f,) for a parabolic F2 layer (enhanced line) and transmission curves
considering B=0 (solid line) and B=50,000 nT (dashed line), obtained for (a)
f=MUF(3000)=28.6 MHz, which is the oblique frequency needed to obtain a transmission
curve with B=0 tangent to the f, profile, and (b) f=MUF(3000)=27.9 MHz, which is the
oblique frequency needed to obtain a transmission curve with B=50,000 nT tangent to the
f, profile.

(13) the errors were calculated for North-South transmission of the or-
dinary ray for a parabolic ionospheric layer and flat Earth. MUF values
obtained were lower than predicted using Eq. (10). Davies (1959), after
observing that direct MUF measurements were higher than those ob-
tained using transmission curves, and that equivalent heights calculated
including B are greater than neglecting this field, concludes that trans-
mission curves should be different than the f/sec ¢; plot and would
depend on location.

Later Kopka and Moller (1968) resumed considering the effect of
Earth’s magnetic field on MUF calculating a correction term for the use of
transmission curves.

3. Earth’s magnetic field variation effect on M(3000)F2 from
transmission curves

From Eq. (13) implies that inclusion of B with 6 different from 90°
result in p increase. In Fig. 1 solid curve shows u estimate using Eq. (10),
that is neglecting B, and the dashed curve presents the results using Eq.
(13) for B=50000 nT and 6=0 which corresponds approximately to the
greatest B value at the F layer level and a longitudinal propagation. To
obtain a simple estimation of this effect on M(3000)F2 when it is ob-
tained using the transmission curve method, we make the following
assumptions:

* jonogram h'(f,) profile given by a parabolic F layer
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Fig. 3. (a) Scheme of a parabolic h'(f,) profile (solid line) and transmission curves for
different oblique frequencies (f) values (dotted line). (b) f in terms of f, obtained from
matching h'(f,) and transmission curves for different f values.

* transmission equation still given by fo=f/sec ¢;
*@{q at the reflection height satisfies p=sin ¢, with p given by Eq. (13)

instead of (10), that is
sinZ
=sin|rg”! (72’*)}
[ B4+ 1—cos2

(16)

f2

1 —
h 3 242
T

(r-r2)

=

Transmission curves are obtained by solving Eq. (16) for h' setting
D=3000 km and given B and 0 values. h’ is then a function of f, and f
only, and transmission curves are drawn as the corresponding set of (f,,
h') for different f values.

Fig. 2 shows as an example an ionogram with foF2=9 MHz and
h'F2=360 km and the transmission curves that correspond to h’ in terms
of f, obtained for both cases, B=0 and B10. In the first case, the trans-
mission curve is estimated from f,=f/sec ¢, where ¢; in terms of i’ is
assessed using Eq. (2). In the second case, the same curve is calculated
from Eq. (16) considering B=50,000 nT, that is approximately the
maximum field value at the peak ionospheric height level, and 6=0.

To calculate the f value for which the transmission curve becomes
tangent to h’(f,) analytically, we match both equations and equate to zero
the first derivative. Fig. 3 show schematically f in terms of f, where it can
be noticed the condition for one solution.

When B is neglected, the transmission curve becomes tangent to h'(f,)
for f=28.6 MHz, which corresponds to M(3000)F2=3.18 and
hmF2=292.9 km according to Shimazaki (1955) formula. In the case of
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Fig. 4. hmF2 in terms of the Earth’s magnetic field, B [nT], through M(3000)F2 estimated
with the value of f for which the transmission curve becomes tangent to h'(f,) (idealized
profile of Fig. 2 for a parabolic F2 layer).

3051 TSl

hmF2 [km]

Inclination, |

Fig. 5. Ionospheric electron density peak height, hmF2, calculated with Eq. (3) and
M(3000)F2 correction factor, AM, given by Eq. (5), in terms of inclination, I. foE, foF2
obtained from IRI2012 for January, 12LT, 50°N, 40°E, for three different solar activity
levels: Rz=50 (dashed line), 100 (solid line) and 150 (dotted line).

B=50,000 nT, the transmission curve becomes tangent to h'(f,) for
f=27.9 MHz that is M(3000)F2=3.10 and hmF2=304.6 km. For a 50%
decrease in B for example, the transmission curve becomes tangent to
h'(f,) for f=28.3 MHz that corresponds now to M(3000)F2=3.14 and
hmF2=297.9 km, that is 7 km lower. For a change in 6 from 0 to 45° for
example while keeping B=50,000 nT, f becomes 28.1 MHz, M(3000)
F2=3.12 and hmF2=301.2 km, that is ~3 km lower. It should be noted
that for higher hmF2 values the height difference between different B or 6
conditions also increases. To have a clear idea of this situation, Fig. 4
shows hmF2 variation in terms of B in the range 0 — 50,000 nT through its
effect on M(3000)F2 for ionospheric conditions considered in Fig. 2.

4. Earth’s magnetic field variation effect on Bilitza’s M(3000)F2
formula

The correction factor AM given by Eq. (5) (Bilitza et al., 1979) de-
pends on magnetic inclination I through the dip latitude ¢ where
tg(p)=" tg(D), but not on the magnetic field intensity. Since I is changing
with the geomagnetic field secular variations, hmF2 calculated with this
AM in Eq. (3) will present a secular variation at a given location linked to
the corresponding I variation.

Fig. 5 shows hmF2 variation for a representative location (50°N,
40°E) as a function of I, using Bilitza et al. (1979) formula, for different
solar activity levels. I variation was forced through its entire range of
values to make more noticeable hmF2 variation. The hmF2 absolute
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difference is bigger for higher Rz, that is for higher hmF2 values, as was
noticed in the previous M(3000)F2 analysis. Also, for an I decrease,
which would correspond to a 0 increase, lower hmF2 values are obtained.

5. Discussion and conclusions

Trends in the upper and middle atmosphere has become a main
subject since the beginning of the 1990’s as a consequence of the
increasing interest in global changes especially due to increasing green-
house gases concentration, and several papers have been published since
then on this topic (see Lastovicka et al. (2012) for a comprehensive re-
view and references therein). A better estimation and prediction of
thermospheric trends imposes a challenge from a fundamental science
point of view as well as from a technological perspective as the
morphology of the thermospheric temperature and density and the
coexisting ionosphere are crucial for satellite mission planning and the
associated life span.

Three key concepts should be highlighted: (1) secular changes in
magnetic field can change the morphology of the ionosphere (including
hmF2) due to inherent physical and chemical processes; (2) there are
long-term changes not directly associated with Earth’s magnetic field;
and (3) measurement error and its long-term change due to ignoring
Earth’s magnetic field (and its secular change) in the routine hmF2
estimation. The true hmF2 will not change because of with and without
considering magnetic field.

In this study, we have analyzed the significance of the terrestrial
magnetic field effects on deducing the true height of an ionospheric layer,
hmF2. When B is taken into account in M(3000)F2 calculation, the latter
is always smaller than the value assessed neglecting B, so hmF2 results
higher in as much as 10 km. In addition, a decrease in B would induce an
increase in M(3000)F2 with a consequent decrease in hmF2 linked to this
solely effect. Variations in the magnetic field inclination also affect
M(3000)F2 assessment. This last case is also clearly evident in Bilitza’s
formula for AM.

Hence, the most pressing question that bares in mind is: What are the
implications of the dependence of M(3000)F2 on Earth’s magnetic field
for the long-term trend analysis of hmF2?

Assume an hmF2 time series spanning several decades during which,
together with the increase in greenhouse gases concentration, a net B
decrease took place. Ideally, hmF2 determined without including B-ef-
fects in M(3000)F2 estimation, apart from the strong seasonal and solar
activity effects, it should not present any other variation except a
lowering according to the cooling effect expected at this atmospheric
level. However, if B is included in the calculation of hmF2 a natural
lowering should be obtained as a consequence of M(3000)F2 increase
due solely to correctly accounting for the magnetic field without any
consideration of greenhouse cooling.

Another point of consideration would be if hmF2 record consists in a
mix of manually scaled values using M(3000)F2 at the beginning of the
period analyzed plus autoscaled values at the end. hmF2 time series
would consist of lower than real height values at the beginning followed
by real heights towards the end. This would imply weaker than actual
downward hmF2 trends.

Regarding Bilitza’s formula, Ulich and Turunen (1997) and Bremer
(1992) already used it for hmF2 trend estimations but they keep the
inclination constant for the locations analyzed.

Even though the magnetic field introduces corrections to the trans-
mission curves that may be of minor importance compared for example
to other assumptions such as the geographic uniformity of the ionosphere
over the transmission path, it could be comparable to the greenhouse gas
effect for some locations and conditions, taking into account that the
geomagnetic field effect on radio transmission varies with the length,
direction and geographic location of the transmission path due to iono-
spheric anisotropy caused by this field.
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