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Abstract—An original technique is proposed for determining the overlap of visibility zones of auroral imagers
from two spacecrafts: Meteor-MP and Probe. The peculiarity of the method is that it takes into account the
orientation of the Probe spacecraft relative to the Sun and the angle of slope of the satellite imager Laetitia.
Other conditions of the space experiment are also considered related to the shadow parts of the satellite orbits
and the Moon phases. The method is an integral part of the software package for studying the polar iono-
sphere characteristics and monitoring its state. It has been experimentally shown that in order to obtain the
maximum number of overlapping visibility zones for the imagers, the space experiment must be started during
the spring or autumn equinox.

DOI: 10.1134/S0010952520050019

INTRODUCTION
In the 21st century, the polar ionosphere is increas-

ingly becoming a natural laboratory for studying the
influence of its perturbations on the propagation of sig-
nals from navigation satellites to receivers [1]. The state
of the ionosphere is determined by space weather,
which depends on the activity of the Sun, the intensity
of the solar wind and interplanetary magnetic field, as
well as, as a result, geomagnetic and auroral activity.

During geomagnetic disturbances, the precipita-
tion of charged particles from the magnetosphere into
the ionosphere is most structured. The resulting auro-
ral structures change the local distribution of the elec-
tron concentration in the ionosphere and lead to its
inhomogeneities, plasma turbulences and the genera-
tion of various types of instabilities [2]. They are the
cause of multiple refractions of navigation signals at
the boundaries of auroral structures of different scales.
Under these conditions, the signals can f luctuate
(scintillate) both in phase and in amplitude, which
leads to distortion, time delays, and sometimes to
losses or lock of signal frequency and capture of
receivers. This process is difficult to diagnose due to
the diversity of the spatial scales of the processes, as
well as due to their variable localization at different
heights of the ionosphere.

The intensity of specific auroral emissions at
heights of the F and E layers of the ionosphere directly
reflects the spatial localization of the structures of
electron precipitation and their energy properties,
which is of great interest, especially when observing

the structures of auroral emissions is carried out in dif-
ferent angles from different positions simultaneously.

Observations from ground stations are very effec-
tive, since they allow reconstructing local volumetric
images of aurora, although they depend on weather
conditions [3]. Obtaining small-scale images of the
same structures (or fragments thereof) of auroral
emissions from two orbits from different angles is
simultaneously quite realistic, but more time-con-
suming than from ground stations.

In anticipation of such observations, preliminary
short-term forecasting of orbital motion is required, as
well as situational analysis and coordination of naviga-
tion satellite systems with ground station receivers.
The orbital technique for the auroral diagnostics of the
ionosphere from heights up to 1000 km is promising
[4, 5], and its results will in the near future make it
possible to approach understanding how local condi-
tions are formed in a perturbed polar ionosphere,
leading to scintillation of signals during geomagnetic
disturbances, why scintillations in the same conditions
arise in the same auroral structures (or their frag-
ments) do not arise (or arise more weak) in other
neighboring ones. The advantages of this technique
are that simultaneously with the observations of auro-
ral emissions in the E and F atmospheric layers one
can measure energy distribution of precipitating parti-
cles and gradients magnetic fields representing small-
scale longitudinal currents. These data, together, will
enable one to analyze the details of processes in local
volumes of the ionosphere that affect the signals pass-
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Fig. 1. The number of overlapping visibility zones N of the auroral imagers from spacecrafts in the polar regions on the shadow
orbit parts for different start time  of the space experiment.
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ing through them, especially when f lying over the
zones of backscattering radars in the polar region (see,
for example, [6, 7]).

The preliminary characteristics of auroral imagers
on prospective Russian spacecraft can be found in [8, 9].

In this paper, we present a technique for determin-
ing favorable conditions for the simultaneous observa-
tion of common (overlapping) visibility zones from the
orbits of two spacecrafts, as well as the results of its
testing on the example of two prospective spacecrafts
Meteor-MP and Probe [10]. It is tentatively planned to
launch these satellites in 2025 on a single carrier and
put them into different-altitude circular orbits.

SIMULATION OF ORBITS 
OF SATELLITES METEOR-MP AND PROBE

Orbital elements close to the characteristics of the
prospective satellites the Meteor-MP and the Probe are
shown in Table 1. Here  is the semimajor
axis, eccentricity, angle inclination of the orbit plane
to the equator plane, pericenter argument, ascending
node longitude, average anomaly, respectively. As can
be seen from Table 1, the orbits of the satellites
Meteor-MP and the Probe are almost circular, their
heights above the Earth’s surface is less than 1000 km,
the orbital periods are about 1.5 hours, and the incli-
nations are greater than >90°.

For the simulation of spacecraft motion we used the
numerical orbital model of artificial Earth satellite [11]
developed at Celestial Mechanics Department of the

ω Ω 0, , , , ,a e i M
Table 1. Orbital elements of spacecrafts

Orbital 
elements a, km e

i, 
deg

Ω, 
deg

ω, 
deg

M0, 
deg

Meteor–MP 7372.7 0.001835 99.3 0 0 0
Probe 7030.0 0.000001 98.0 0 0 0
Applied Mathematics and Mechanics Research Insti-
tute of the Tomsk State University (Tomsk, Russia).
The spacecraft motion was considered under the influ-
ence of all the main forces acting on the satellite: the
attraction of the Sun, Moons and planets, relativistic
effects, light pressure, also including weak disturbances
from harmonics of high orders and disturbances from
the influence of tidal deformations arising from the
influence of the Moon and the Sun on a solid Earth, its
ocean and atmosphere. The preliminary orbital ele-
ments from Table 1 are taken as initial dynamic param-
eters for the simulation of satellite orbits.

To determine the best start date for the space exper-
iment, we varied the initial moment of time  (in incre-
ments of 1 day in the range 1.I.2025–31.XII.2025, mid-
night). In this case, a simplified numerical model of
satellite motion was used (based on the Earth’s gravity
up to the second zonal harmonic of the geopotential).
As can be seen from Fig. 1, the maximum number of
overlapping visibility zones of auroral imagers N from
the orbits of two spacecrafts during their stay on the
shadow parts of the orbit in the polar zones occurs
when the launch date  falls on the spring or autumn
periods.

DETERMINATION OF SHADOW ORBIT PARTS 
AND LUNAR ILLUMINATION

To carry out successfully the observations of auro-
ral emissions from both the satellite orbits, it is neces-
sary that the following conditions are satisfied simul-
taneously:

(1) both spacecrafts should be in the Earth’s
shadow;

(2) the overlap of visibility zones from both the
auroral imagers has to cover an auroral oval and some
certain stations on the Earth;

(3) a slight illumination is allowed due to the
“light” of the Moon reflected from the underlying sur-

0t

0t
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face. For definiteness, we assume that the angle
between the geocentric directions to the Moon and the
Sun should be less than 30°.

A spacecraft is in the Earth’s shadow or penumbra
if the conditions below hold:

(1)

where —is the angular distance relative to the space-
craft between the centers of the Earth and Sun with the
angular radius of their discs  and  respectively.
Radii of disks and angular distances are defined as

(2)

here  km,  km are the radius of
the Earth and Sun,  are the geocentric position
vectors of the spacecraft and Sun.

During the observations of auroral emissions by the
auroral imager Aurovisor–VIS/MP on the shadow
orbital part of the Meteor–MP, it is necessary to take
into account the scattered sunlight reflected from the
Moon’s surface and Earth’s atmosphere, which gets
into the imager’s field of vision. Considering the
reflected light from the underlying surface is most
important in quiet geomagnetic periods, when the
intensity of auroral emissions is not high, about 1–5 kR.
During substorms, a bright aurora (~100 kR) is visible
with sufficient contrast even on any full Moon. The
Aurovisor–VIS/MP (with the field of view 30°) is
always directed to the nadir (with accuracy of the orien-
tation of spacecrafts axes) and therefore the light
reflected from the underlying surface makes its back-
ground contribution to the images. According to the
Rougie function [12] the lateral illumination from the
underlying atmosphere is bright enough (during the
periods when the lunar phase is more than a quarter)
compared to the useful signal. It is reflected upwards
and gets into the fields of view of the imager channels
and so increases the parasitic background in the images
of emissions.

As we indicate above, the angle between the geo-
centric directions to the Sun and Moon  should
be less than 30°. Thus

(3)

where  is the geocentric position vector of the Moon.
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TECHNIQUE FOR DETERMINING ZONES 
OF COMMON VISIBILITY OF THE AURORAL 

OVAL BY IMAGERS FROM THE ORBITS
OF TWO SPACECRAFTS

Obviously, a common visibility zone of the auroral
imagers Aurovisor–VIS/MP and Laetitia from the
orbits of the Meteor–MP and Probe spacecrafts,
respectively, depends directly on the relative position
of these satellites in near-Earth space. We are given the
following conditions:

(1) the field of view of orbital imagers is about 30°;
(2) three parallel cameras of Aurovisor–VIS/MP

imager, tuned to different-altitude auroral emissions,
(from the Meteor–MP spacecraft) are directed along
the normal vector from the satellite’s center of mass to
the center of the Earth;

(3) the pair of cameras of the auroral imager Laetitia
(from the Probe spacecraft) is directed at an angle of 30°
from the construction axis of the spacecraft (–Z) in the
direction toward the Earth, taking into account the fact
that its +Y axis is always directed to the Sun.

Below, we describe the algorithm for determining
the area of the common visibility zone, which is
implemented in stages, taking into account the orien-
tation of the Probe to the Sun and the field of view
from both the imagers.

First we determine the center of ionosphere visi-
bility zone  for Probe  (Fig. 2). The camera of
Probe is turned from the Sun  through the angle

. The angle  is calcu-
lated as

(4)

therefore  Here  and  are
the geocentric position vectors of the satellite and the
Sun. To obtain the position vector  of the point ,
we apply the transformation of rotation to the position
vector  of the subsatellite point 
through the angle  about the normal

(5)

to the plane of the triangle . Using Rodrigues
formula [13], we have

(6)

where  is the radius of an observed layer of the iono-
sphere;  is the position vector of Probe, and the
angle  is determined from the law of sines for the tri-
angle :

(7)
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Fig. 2. Determination of the center of the ionosphere visi-
bility zone.
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Fig. 3. Elongation of visibility zone due to the inclination
of the optical axis of the imaging cameras on the spacecraft
Probe relative to an observed ionosphere layer.

eS

ec = eP

ea

P

aa
b

b
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The arcsine here actually represents the angle
between the directions  and  rather than the
angle  corresponding to the subtense  since
in software implementation the range of values of the
trigonometric function is from  till , while

 is always obtuse.
In the Fig. 2  is Probe (satellite);  is the Sun; 

is the Earth’s center;  is the subsatellite point of
Probe;  is the radius of ionosphere;  and  are the
unit vectors of the ordinate and applicate axes respec-
tively in the frame associated with the satellite: the or-
dinate axis  is pointed to the Sun, the applicate axis

 is perpendicular to it in the plane of the triangle
 and the abscissa axis  forms the right-hand-

ed frame and here it is perpendicular to the figure.
In the Fig. 3  and  are unit vectors directed per-

pendicularly to the ionosphere (from the center of the
Earth) and to the satellite respectively (see Fig. 2). The
region of spatial capture by the satellite camera is
shown in dashed lines. The unit vectors  and  are
basis ones of the frame rigidly connected with an ellip-
tical zone of visibility. The third basis vector  is per-
pendicular to the picture plane.

Since the optical axis of Probe’s camera is directed
at an angle to the surface of the ionosphere, its visibil-
ity zone is approximately an ellipse, elongated along
the direction to the satellite (Fig. 3). The region of the
space taken by the camera is a cone with the apex 
and semivertex angle . Consequently, the
minor semiaxis of the ellipsoidal visibility zone  is
equal to the radius of the section of the cone passing
through the point  (see also Fig. 4):

(8)

The semimajor axis is calculated approximately
under the assumptions that the cone generators
(dashed lines in Fig. 3) are parallel to each other in the
vicinity of the point , and the Earth’s surface is f lat.
Then the semimajor axis can be represented as

(9)

where  and  are the unit vectors directed along the
vectors  and  respectively.

We now introduce the frame  (Fig. 4),
which is related to the Probe’s visibility zone. It is just
in this frame the intersection of the visibility zones is
determined. Its basis vectors are calculated as

(10)

The camera Meteor–MP S ' is directed to the cen-
ter of the ionosphere , so its optical axis crosses the
ionosphere at the subsatellite point P ' whose position
is  where  is the position of
Meteor–MP. The satellite’s visibility zone is a circle of
radius  with the center at the point P '. Probe and
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Table 2. The number of overlapping visibility zones of the auroral over one year. The beginning of the space experiment is
in the autumn

Smax, %
ϕ, deg +60°…+90° –60°…–90° –60°…+60°

t0 Sept. 18, 2025 Sept. 21, 2025 Sept. 18, 2025 Sept. 21, 2025 Sept. 18, 2025 Sept. 21, 2025

<10 2 0 1 0 7 0 7 1 27 3 35 5
10–25 9 2 9 1 7 1 7 1 42 5 37 6
25–50 12 2 13 1 15 4 15 1 42 7 51 13
50–80 26 2 26 7 16 2 19 4 54 10 55 9
80–100 8 4 6 1 2 0 4 1 200 35 217 30
Meteor–MP have the same angles of the half-solution
of observation , therefore

(11)

Under the condition  the visibility
zones of the satellites can overlap (Fig. 4). In this case
we transfer the vector  into the frame  Sup-
pose that ,  and  are the coordinates of a satellite
in that frame. Consequently,

(12)

Obtaining analytical formulas to determine the
intersection region of visibility zones is very problem-
atic. Although approximately it can be estimated as an
area of intersection of a square and a rectangle
describing the circular and elliptical zones respectively
in a planar frame  (Fig. 4). For the square zone,
the left lower and upper right corners have coordinates

 and  and for the elliptic
zone—  and . Then for the intersection
rectangle the coordinates of the angles are

(13)

If  and  then the intersection
of the square and elliptic zones occurs, and its area is
defined as

(14)

NUMERICAL RESULTS
The orbital dynamics of the spacecrafts were simu-

lated in the rectangular geoequatorial coordinate
frame. The differential equations of spacecraft motion
were integrated numerically by the 15th order Gauss–
Everhart method [14]. The simulation was carried out
over the one-year time interval Jan. 1–Dec. 31, 2025.
When simulating the visibility zone of the auroral
imager Laetitia, the orientation of the axes of the
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spacecraft Probe and the angle of the imager were
taken into account, provided the satellite was in the
shadow. Earlier, we determined that the maximum
number of overlapping visibility zones of the imagers
during the stay of spacecrafts in the shadow parts of
their orbits and in the polar zones occurs if the start of
the space experiment falls on the spring or autumn
(Fig. 1). Therefore, we chose several seasonal dates as
an initial epoch : September 18, 21 and March 18, 19
and 21, 2025.

Tables 2 and 3 show the number of overlapping vis-
ibility zones of the imagers from the orbits of the
Meteor-MP and Probe spacecraft at the different
epochs  Here  is the geographic latitude;  is the
maximum overlapping area of visibility zones. To
determine the overlapping of visibility zones, all the
previously described conditions of the space experi-
ment related to the positions of the satellites in space
and their orientations were considered. The results in
the gray columns, in contrast to those in the white col-
umns, were obtained taking into account the phases of
the moon. As can be seen from the tables, the maxi-
mum number of overlapping visibility zones of the
imagers in the polar zones, namely 18, when consider-
ing all the conditions, occurs at t0 = Sept. 21, 2025, the
number of overlaps in the middle latitudes is 63. Thus,
the total number of overlapping is 81. There are fewer
overlapping visibility zones of the imagers in the polar
zones, namely 16, at t0 = March 21, 2025. In the mid-
dle latitudes they are 77. Therefore, the total number
of overlaps is 93.

Table 4 provides detailed information on overlap-
ping of visibility zones of imagers in the polar zones at
the initial epoch t0 = Sept. 21, 2025. Here  is the lon-
gitude and  is the latitude of the area (geographical);

 – the numbers of circuits of the Meteor-MP and
Probe satellites, respectively;  is the duration of
overlapping visibility zones of imagers; (y, m, d) is the
calendar date and (h, min, sec) is the diurnal time
(GMT). Data for middle latitudes are not given. The
centers of overlaps of the circular visibility zone of the
Aurovisor-VIS/MP cameras and the elliptical visibil-
ity zone of the Laetitia cameras (in the shadow orbit
parts) (Fig. 4) above the entire Earth’s surface are

0t

0.t ϕ maxS

λ
ϕ

d
M,T d

ZT
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Table 3. The same as in Table 2. The beginning of the space experiment is in the spring

Smax, %
ϕ, deg +60°…+90° –60°…–90°

t0 Mar. 18, 2025 Mar. 19, 2025 Mar. 21, 2025 Mar. 18, 2025 Mar. 19, 2025 Mar. 21, 2025

<10 8 2 6 1 7 3 5 0 4 0 4 0
10–25 6 0 8 0 8 0 7 1 7 1 7 1
25–50 15 2 15 2 15 2 12 1 15 1 17 3
50–80 9 3 11 2 12 1 21 7 22 6 22 5
80–100 1 0 1 0 2 1 9 1 10 1 10 0

Table 4. Overlaps of visibility zones of the Aurovisor-VIS/MP and Letizia imagers in the polar zones over one year. The
beginning of the space experiment is t0 = Sept. 21, 2025 

No. ϕ, deg λ, deg y m d h min sec Δt, min Smax, %

1 77.26 –34.99 8 8 2025 09 21 12 22 30 11.9 68.0
7 –67.60 128.03 9 10 2025 10 22 15 02 34 8.9 50.3
9 81.04 10.14 10 10 2025 10 22 15 47 54 15.3 77.2

19 76.65 88.96 12 12 2025 11 22 19 11 57 22.6 74.5
24 74.85 –115.33 2 2 2025 12 17 02 32 54 18.6 69.3
31 70.26 116.62 4 4 2026 01 17 05 46 00 21.2 78.0
33 76.82 –5.18 4 4 2026 01 19 05 07 52 2.8 17.1
37 –68.60 –102.20 5 5 2026 02 19 07 42 12 13.1 66.1
38 81.74 146.34 6 6 2026 02 19 08 27 30 8.2 41.4
40 –76.72 74.15 9 10 2026 03 17 15 00 01 12.4 61.7
41 78.56 0.33 10 10 2026 03 17 15 45 14 9.1 57.6
49 –81.74 –121.29 11 12 2026 04 17 18 19 04 6.3 36.8
50 67.41 136.87 12 12 2026 04 17 19 03 32 23.5 96.1
56 –78.20 36.33 13 14 2026 05 18 21 38 42 1.3 11.2
67 –75.44 –50.80 5 5 2026 07 15 07 33 49 16.1 92.2
76 –80.56 138.69 11 12 2026 09 10 18 20 45 7.6 63.9
78 74.05 55.33 12 12 2026 09 10 19 06 08 10.8 78.7

d
MT d

ZT
shown in Fig. 5. The cross on each track marks the
center at the time of the maximum area of overlapping
visibility zones, and the number indicates the line
number in Table 4. Figure 6 also shows the overlapping
tracks of visibility zones, but at the initial epoch

 although tabular data for the figure
are not given.

Of particular interest are overlapping observation
fields in the vicinity of specific ground stations, in par-
ticular in the city of Apatity (67°.567824, 33°.406693),
Lovozero (68°.004660, 35°.014147), Tiksi (Yakutia)
(71°.638912, 128°.870846), Kiruna (Sweden) (67°.846878,
20°.231462), Tromso (Norway) (69°.654930, 18°.962879),
Gakona (Alaska) (62°.293396, –145°.263483), Amu-
ndsen Scott, Antarctica (–84°.999898, –54°.480801)
and others. As can be seen from the figures, for a given
configuration of the orbits (Table 1) and for t0 =

=0 18.III.2025,t
 overlapping visibility zones occur only
over some ground stations from the list.

CONCLUSIONS

A technique for determining the overlapping visi-
bility zones of the auroral imagers from the orbits of
two spacecraft is presented. The features of the tech-
nique are that it takes into account the spacecraft ori-
entation of relative to the Sun, the angle of deviation of
the imager axis relative to the building axes of the
spacecraft, the shadow orbit parts, as well as the phase
of the Moon. The technique was applied to two pro-
spective spacecrafts Meteor-MP and Probe for con-
ducting a space experiment related to solving a number
of geophysical scientific and applied problems. Their
launch is planned in 2025.

21.IX.2025,
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Fig. 5. Shadow ground tracks of the spacecrafts during the overlaps of visibility zones of the imagers over one year. The start of
the space experiment is 
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Fig. 6. The same as in Fig. 5, but for 
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The simulation of the space experiment showed that
the most favorable time for the start of measurements
should be during the spring and autumn equinoxes.
Among the considered dates of the start of measure-
ments, the most optimal is Mar. 18, 2025. To increase
efficiency, when planning a specific launch date, other
possible variants of the orbits of the Meteor-MP and
Probe spacecraft will be considered as well.
COSMIC RESEARCH  Vol. 58  No. 5  2020
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