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Abstract. A quantitative explanation of ionograms taken within the F2-layer maximum

is presented. An assumption is made that there exist

sharp horizontal irregularities of

the electron density. There are ray trajectories which return back to the satellite after a

deviation of the ionosonde signals by these irregularitie

1. Introduction

As a result of the satellite radiosounding from altitudes
below the F-region maximum ionograms of a new type have
been recorded [Danilkin, 2001]. These ionograms have new
extra features which (as far as the authors know) have never
been detected in any topside sounding experiment. These
new features encouraged us to provide more complete de-
scription of the properties of the medium studied by the
radiosounding method. A typical feature of the above men-
tioned ionograms is the continuation of the trace reflected
from the surface. Figure 1 illustrates this fact, showing two
ionograms recorded in the ionospheric radiosounding exper-
iment on board the Mir space station.

In the first publication Danilkin [2001] called quite con-
ventionally the extra trace the “lower trace,” the name em-
phasizing its position on the ionogram at the “virtual dis-
tance” axis. The ionogram in Figure 1 (left) shows the left
end of the lower trace at the critical frequency of the F'2-layer
ordinary component (f,F2). Such situation was predicted
by Danilkin and Vaisman [1977] on the basis of numerical
simulation of the ionosonde behavior on board the Mir sta-
tion orbiting below the main electron concentration maxi-
mum in the ionosphere (h.,, F2). The first explanation of this
trace was that it is a result of consequent reflections from
the layers above the satellite location followed or preceded by
the reflection from the surface. However, explanation of the
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lower traces became more difficult when it became known
that in the majority of cases the lower trace is not limited
by the f,F2 frequency but goes much higher, as can be seen
in Figure 1 (right).

Danilkin [2001] assumed that possible cause of the occur-
rence of the lower trace with the right-hand end near the
uppermost frequency of the ionosonde emission may be the
presence of significant horizontal gradients of the electron
concentration in the radiosounding zone and, as a result,
the existence of rays returning to the satellite. The above
described qualitative explanation of the observed effect has
caused many questions. First of all, what horizontal gradi-
ents should exist to make possible a realization of the above
mentioned oblique rays. No experimental data in which such
trajectories have been recorded or calculated were known to
the authors. Therefore existence at many frequencies of re-
turning trajectories with very peculiar group delays detected
in our experiments needs to be proved by numerical simula-
tion methods.

In this paper the above mentioned hypothesis on hori-
zontal gradients being a cause of the extra, so-called lower,
traces in the ionograms recorded at the Mir station is checked
quantitatively. The method of N (h)-profile calculations for
a satellite situated below the F2-layer maximum is a frag-
ment of the general case studied in this work and described
in section 3.

2. Method of Trajectory Drawing

To check quantitatively the existence of returning tra-
jectories in the conditions of considerably irregular iono-
sphere, the iteration scheme first described by Lawrence and
Posakony [1961] has been chosen. The scheme of ray calcula-
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Figure 1. Two ionograms obtained on board the Mir space station. They demonstrate various mecha-
nisms of the lower trace formation. (left) Ionogram can be explained in the scope of the vertical prop-
agation of the signal. (right) Ionogram can be explained only attracting side reflections and returning

trajectories.

tions in an isotropic ionosphere was used to clarify principal
questions. For more accurate calculations and in the condi-
tions when the frequency close to the gyrofrequency were
considered, the relations typical for the anisotropic iono-
sphere and described by Lawrence and Posakony [1961] were
used. To avoid introduction of cumbersome formulae typical
for the refraction index description in anisotropic medium,
in this paper we describe only the first scheme.

While drawing trajectories, we used three key assump-
tions: (1) the layering of the ionosphere (the space is divided
into layers of the same thickness in such a way that all the
parameters within a layer are considered the same and be-
tween the layers vary so slightly that one can neglect the
reflected wave at the interface); (2) the isotropic ionosphere;
(3) as a result of the isotropy, a plain curve trajectory with
its wave normals always being parallel to the incidence plane
and satisfying the refraction law.

The trajectory calculation actually consists of two stages:
(1) calculation of the vertical or oblique trajectory from
the satellite to the surface; and (2) calculation of the re-
turn trajectory after reflection from the surface and aimed
at the satellite with necessary accuracy. We calculated the
N (h) profile needed for drawing the trajectory using known
methods. Initially, it was calculated using the Danilkin and
Mal’tseva [1977] method directly from the ionogram between
the satellite real height and the height of the F2-layer maxi-
mum using the o and x components reflected from the iono-
sphere (see Figure 1).

The N (h)-profile calculation was performed in the follow-
ing way. First, a series of frequencies f, with corresponding
true h, and virtual reflection heights h. is taken. They are
related by

(1)

where n’ is the group refraction index and FL'M is its mean
value for the f; frequency in the layer between h,_1 and h,.

Thus the virtual reflection height b’ for a radio wave with
a frequency f; and vertical incidence on the ionosphere is

h

n; :hs+/n’(fj,N)dh:hﬁzn;,jmr (2)

he

where h; is the satellite altitude and A is the height above
the Earth surface.

Designating hs = hy, ny. ;1 —n,.; = Bri(r # j), nj; =
Bjj, we obtain recursive formulae for the excess of the true
height:

€

Ah; = B
77

(ARG + B1jARy + BajAho + . ..

+Bj-1,jAhj-1)

_ b

j—1
5 (An; + g BriAhy) (3)

The coefficients ﬁ’m- are calculated for a particular posi-
tion of the satellite depending on the gyrofrequency value fp
and magnetic inclination . With the modern high computa-
tion rate this is convenient even for calculations at different
points of the globe.

To calculate the 7;. ; coefficients, an assumption is made
that h is a linear function of w = 1/4/v at the unit segment

[hr—1;hr], where
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and, consequently, w = f/fn. Using this assumption to
determine 7. ;, we have

hp Wi
_ 1 1
n’m n'dh = —— n'dw
h'r - hr—l Wy — Wr—1
hp_1 Wp—1

The refractive index is described by the standard formula
and is a function of two variables v and v, where u = f/f:
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where n is the phase refraction index.

For the ordinary component, the second term in equa-
tion (4) is small (not more than 2% of the first term) and
constant; thus the group refraction index for a frequency f;
in the h,—1 — h, layer is

NrjWrj — Nr—1,jWr—1,5

—/
Ay ; = 0.98 — :
Wr,j — Wr—1,5

Using the relations presented above to calculate the coeffi-
cients of system (3), we are able to find the excess of the true
height and, respectively, the entire N(h) profile. If there is
a need to calculate the N(h) profile using the extraordinary
component, the corresponding relations for it are calculated
in the same way.

The N (h) profile below the satellite height is determined
on the basis of the foundations of the vertical transiono-
sphere sounding [Danilkin, 1994] using the ordinary traces
of the signals reflected from the surface. The profile from
the ionospheric bottom up to the F-region maximum height
obtained in the way described above was used in the above
mentioned first stage of the calculation of the trajectory from
the satellite to the surface. The back-scattered trajectories
were found by the consequent approximation method. The
first “oblique” trajectory was vertical and used (after the
comparison of the calculated virtual distance with the ex-
perimental virtual depth of the reflection from the surface
determined from the ionogram) to control and specify the
N(h) profile. The direction of the second ray was chosen
at some angle to the vertical, and its frequency was slightly
higher than the plasma frequency of the ionosphere at the
satellite height. In the ionosphere without horizontal gra-
dients, such a ray after reflection from the surface would
go into the ionosphere far from the satellite. In order for
this trajectory to return to the satellite (as is observed in
the experiment), after reflection from the surface, the ray
should propagate in the ionosphere with parameters signif-
icantly different from the parameters of the ionosphere in
which the ray propagated to the surface. In other words,
the ray should be close enough to an “irregularity” and its
trajectory should be influenced by horizontal gradients.

Parameters of such an ionosphere are fitted by one of sev-
eral ways described below until the ray hits the satellite with

a given accuracy. We then achieve a coincidence of the ex-
perimental and calculated virtual distances determining the
deviation angle from the vertical and each time drawing the
trajectories returning to the satellite and integrating along
them the group delays.

To calculate the first (vertical) trajectory, the aim point
was chosen at the surface under the satellite (X). In this
case the coordinates of the first wave normal vector are

x—X
W= —"—
o= X
where z is the satellite coordinate. The coordinates of the
radial vector X,, of the points to which the ray comes moving
along the W vector up to an interception with the next layer
are calculated by

X, =X + dW (5)

where

d=—(W-X) = /(W-X)? — [X]? + (IX] - A])?

is the length of the ray trajectory within one layer.
Crossing the interlayer boundary, the ray changes its di-
rection according to the refraction law, still staying in the
plane of the previous wave normal and normal to the surface,
the latter in the case of a layered atmosphere being directed
along the radius vector of a trajectory point. Therefore the
coordinates of the new directing vector are defined as

W, = — [%(W-Xn)
+\/(Z;>2((W_Xn)2_1)+1 Xn-q-%w (6)

Sequentially calculating the coordinates of crossing of ev-
ery ionospheric layer and using formula (6), we obtain the
ray propagation trajectory up to the exit from the iono-
sphere, where n = 1 and the directing vector W does not
change and is taken to be equal to the wave normal vector
in the last layer. Then the coordinates of the point of the
radius vector interception with the surface are calculated by

Xp=X-W[(W-X)+/(W-X)2 - |X[? +a?]

The length of the ray trajectory within the ionosphere is
given by

de = —(W-X) — /(W-X)2 - [X|2 + a2

To calculate the wave normal directing vector Wg for
from the surface, we assume an equality of the incidence
and refection angles, so

Then the virtual distance k' for the motion along the tra-
jectory is calculated. For the vertical incidence case this cal-
culation is compared with the real distance derived from the

Wg =W -2Xg
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ionogram and thus the correctness of the initial N(h) profile
is checked. Since in the model in question the ray trajectory
is piecewise, the following formula is true:

h/=2dE+ ﬂ
— n;

(3

(8)

where d; is the trajectory length passed by the ray within
the ith layer. The value of k' includes the virtual distances
during the ray propagation from the satellite to the surface
and the distances from the point of crossing the ionospheric
lower boundary to the surface and back up to the ionosphere.

3. Introduction of Horizontal Irregularity

The simulations performed to explain ionograms of the
type shown in Figure 1 have shown that all features of these
ionograms may be explained if one assumes a reflection of
the sounding ray from the surface and its consequent return-
ing to the satellite as a result of its refraction at a strong
ionospheric irregularity. Also, a reflection from the vertical
(or oblique) walls of the types described earlier by Danilkin
[2001] is also possible. However, it would have required a
stronger structure, and we did not included it in our calcula-
tions. Principally, it changes nothing except the calculation
method itself. We failed to find any new explanation of all
the details in new ionograms.

To draw trajectories “returning to the satellite after the
surface reflection” (below we call them simply “returning
trajectories”), one has to introduce an ionospheric irregular-
ity. A simple consideration shows that an irregularity within
which the electron concentrations in various layers or plasma
frequencies exceed corresponding values outside the irregu-
larity should turn the ray in the direction of the satellite.
Such irregularities are usually called “positive,” contrary to
“negative” ones where the plasma frequencies are, respec-
tively, lower than the background frequencies. Various meth-
ods to introduce ionospheric irregularities into radio circuit
calculations are available. We have used the following two
schemes, each of them making it possible not only to find
returning trajectories but to get agreement with the virtual
distances measured in the experiment.

In the first, more simple for realization, scheme, it is as-
sumed that the normal vector to the surface after the reflec-
tion is directed not to the Earth’s center but to some other
point in the trajectory plane. Changing the position of this
point, we obtain some sort of an inclination of isolines of
the same electron concentration. The value of this inclina-
tion characterizes the degree of irregularity contrast. This
method is very convenient for a geophysical analysis of irreg-
ularity occurrence in the global ionosphere, since it makes it
possible to introduce the real coordinates of both the satel-
lite position and the irregularity which has led to appearance
of the “lower rays” in question. Difficulties of a description
of the irregular ionosphere (which is passed through by the
returning ray) in the vicinity of the satellite is a defect of
this scheme.

To take into account irregularities, the second scheme as-
sumes that the irregularity is introduced by a special func-
tion which is superposed on the undisturbed state of the
ionosphere. A mathematical model of such ionosphere is a
set of functions different from spherical ones. Plain layers
are smoothly transformed into layers limited by Gauss-type
curves. The refraction index within each layer is constant
and corresponds to the index obtained from the ionogram.

Analytical expression for these curves is

zi(y) = Aie—(y—yb)z/Di + Ah(i—q) + 2

where ¢ is the layer number counted from the bottom of
the ionosphere; (y», 25) are the coordinates of the irregular-
ity center in the Cartesian coordinate system, chosen in the
following way. The center of the system coincides with the
Earth center, the z axis goes though the satellite, and the
satellite moves within the zy plane.

A; and D; are parameters of the curves calculated by

Ah
Ai:—A+(q—i)7

for the layers located below the irregularity center and

A :A+(qfi+1)%
for the layers located above the irregularity center, the A;
coefficients for symmetric layers being equal by the magni-
tude and opposite by sign. Then D; = D|q — i|, the D;
coefficients for symmetric layers being the same; A and D
are the irregularity parameters fitted as a result of the nu-
merical simulation.

Within the irregularity, elliptical layers with the ellipse
center located in the center of the irregularity are modeled,
the semiaxes calculated by

aj =T —Ah(j — 1) bj =A— Ahj
where j is the number of the elliptical layer and T is the
irregularity parameter.

The refraction index n; within each layer with number j
is also constant and determined from

T _ k= const

nj+1
where j = 0 is the number of the last nonelliptical layer and
7 =1,2,...,1 are the numbers of the elliptical layers.

The T and k parameters as well as the number of elliptical
layers [ are fitted in the process of the numerical simulation.
A sequent numbering is given to all layers. According to
this numbering for every point of the space, there is a corre-
sponding number of the layer in which the point is located.

Introducing the above described model, we determine for
every point (yo, 20) two parameters: the refraction index n
corresponding to the number of the layer the point is located
in and the normal vector to the surface 1, located in the
yz plane. The coordinates of this vector are calculated by

_8 1

=g o
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Figure 2. Results of a quantitative calculation of the details of lower trace occurrence. Right bottom

ionogram has been used for the calculations.

Here dz/dy is a derivative (calculated for the yo point) of
the function of the lower boundary of the layer in which the
point (yo, z0) is located.

While propagating from the satellite to the surface, the
ray is at significant distance from the irregularity center,
so its influence on the signal trajectory is small. Because
of that, calculating the trajectory of the ray propagating
“downward,” the mathematical model of a spherically lay-
ered ionosphere described in the previous section is used.

For the propagation after the reflection from the surface
and crossing the bottom boundary of the ionosphere, the
trajectory in the points with the radius vector I (yio, 2io)
along the directing vector W is calculated in the following
way: (1) the distance step § propagated by the ray in one
direction is taken (for example, 5 km); (2) using the formula
X, = I+0W, the coordinates of the radius vector X,, of the
new point of the trajectory are determined; (3) the number
of the layer in which this newly obtained point is located
and corresponding refraction index and normal vector to the
surface 1, are determined; (4) using the refraction law, the
coordinates of a new wave normal W,, are calculated by the
formulae similar to equations (6) and (7):

n1\2 ny

+ (7) (W-1)2—1)+1] 1, + W
no n2

if a refraction occurs and the angle between the W and 1,

vectors is obtuse or

ni

Wn:—[ (W-1,)

T2

_\/(2)2((\7\7 L)1)+ 11 L+ W

if a refraction occurs and the angle between the W and 1,
vectors is acute; W, = W — 21,(W - 1,,), if refraction is
impossible and a reflection of the ray occurs; and (5) using
the formula X,, = X + §W,,, where X is the radial vector
of the previous point, the coordinates of the radial vector of
a new point of the trajectory are calculated, and so forth.

To calculate the virtual distance during the motion along
the trajectory, a formula similar to (8):

K
0

h =h —
o

k=1

is used, where h} is the virtual distance from the satellite to
the surface calculated with formula (5), K is the number of
the calculation steps, and nj is the refraction index in the

layer where the point is located during the kth step.
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Figure 3. Plasma frequency profiles at various distances
from the satellite diverged into one coordinate system to
demonstrate plasma frequency variations at the same alti-
tude.

4. Results

Figure 2 illustrates a calculation of the ionospheric
N(h) profile and returning trajectories for the ionogram
shown in the right-hand ionogram in Figure 2.

A ionogram with very characteristic lower trace in the
range of high frequencies has been deliberately chosen. This
makes it possible, in this case, to neglect the ionosphere
anisotropy.

The first obligatory part of a numerical simulation is a
preliminary calculation of an N(h) profile (or of a fn(h)
profile since they are easily recalculated one into the other).
It was indicated above that the profile was calculated by
the Danilkin and Mal’tseva [1977] method using directly
the ordinary traces of the signals reflected from the surface
[Danilkin, 2001]. To do this, calculations were performed
assuming vertical propagation of the signal to find such a
f(h) profile, requiring that the calculated virtual depth for
the propagation from the surface would coincide (for all the
frequencies considered) with the experimental virtual depth
derived from the traces of the signals reflected from the sur-
face.

The calculated results are shown in Figure 2. The
N (h) profile derived in such a way from the bottom of the
ionosphere up to the F' region maximum was used to calcu-
late signal trajectories from the satellite to the surface.

At the second stage of the numerical simulation the ir-
regularity parameters described above were found. The fre-
quency was fixed and was the highest at which the returning
trace was observed. Introduction of the irregularity should

Table 1. Parameters of the Irregularity and Ionosphere

Ah Yo Zb A D l T k 1

10 120 348 100 9450 7 90 1.095 5

EXPLANATION OF SATELLITE IONOGRAMS

Table 2. Parameters of the Irregularity and lonosphere

f 14.5 14.6 14.8 15 15.2

d 17.6° 20° 19.3° 18.6° 16.7°

have led not only to a turn of the trajectory but to its return
exactly into the satellite location point. This procedure gave
the results presented in Table 1. The f(h) profiles in the sim-
ulated ionosphere at various distances from the satellite are
shown in Figure 3.

At the third stage of the simulation, returning trajectories
at other working frequencies were chosen, varying only the
angle of the signal deviation from the vertical. The results
of these simulations are presented in Table 2, where ® is the
deviation angle from the downward direction.

The resulting trajectories of the signal propagation are
shown in Figure 2. The comparison of the virtual depths
obtained experimentally and by the numerical simulation is
shown in the simulated ionogram in Figure 2.

5. Conclusion

The numerical simulations performed show that iono-
grams with a returning trace (of the type presented in Fig-
ure 1) may be reproduced as a result of an impact on the sig-
nal of horizontal irregularities in the simulated ionosphere,
and therefore may be a manifestation of the presence of such
irregularities in the real ionosphere.
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