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Abstract

The study reports results of analysis related to minimization of the total ionizing dose (TID) for the Multiple Apogee Highly Elliptical
Orbit with periods 14 h, 15 h and 16 h introduced earlier for continuous observation of the Earth’s polar regions. The modeling of space
environment has been conducted with use of the European Space Agency’s SPENVIS tool based on the AE8/AP8 radiation models.
Originally, the set of orbital parameters has been derived through the optimization process that included among other factors criteria
for the apogee height limit and minimization of the radiation dose caused by trapped protons. By relaxing the apogee altitude limit, this
study found the total ionizing dose TID can be significantly reduced for 15-h and 16-h orbits, while the originally proposed 14-h orbit is
already at the minimum of radiation dose. For 15-h and 16-h orbits this converts into reduction of the thickness of aluminum shielding
by factor 1.24–1.28 or an equivalent increase in the mission lifetime by up to 8.1 years. For example, an increase in apogee altitude to
49,620 km for 16-h orbit (eccentricity e = 0.74) in comparison to the originally proposed 16-h orbit (altitude equal to 43,500 km,
e = 0.55) reduces the TID so that the shielding thickness decreases to 3.53 mm, instead of 4.35 mm of aluminum slab for the same
15-year duration of mission. Decrease of the TID is achieved due to significant reduction of ionizing radiation from the trapped electrons
through the better placing of the orbit trajectory in the slot area, but at the expense of slight increase of ionizing radiation from the
trapped protons and increase in apogee altitude to 46,640 km and 49,620 km for 15-h and 16-h orbit, correspondingly.
Crown Copyright � 2019 Published by Elsevier Ltd on behalf of COSPAR. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The concept of Highly Elliptical Orbit (HEO) offers an
attractive opportunity to achieve continuous imaging of
the Earth’s polar regions from space (Kidder and Vonder
Haar, 1990; Trishchenko et al., 2016). The World Meteoro-
logical Organization (WMO) identified the need for such
satellite observing system in its Vision 2025 document
and the new Vision 2040 strategic plan to be adopted in
https://doi.org/10.1016/j.asr.2019.04.005
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2019 (WMO, 2009, 2017). A number of studies has been
conducted to determine the observing capacity of various
HEO orbit configurations (Trishchenko and Garand,
2011; Trishchenko et al., 2011; Trishchenko et al. 2016),
and the advantages of such a system relative to constella-
tion of satellites on the Low Earth Orbit (LEO)
(Trishchenko and Garand, 2012) and the Medium Earth
Orbit (MEO) constellations (Trishchenko et al.,
submitted for publication). A HEO system named Atmo-
spheric Imaging Mission for Northern Regions (AIM-
North) has been recently proposed for air quality and green
gas monitoring (Nassar et al., submitted for publication).
The Three Apogee (TAP) 16-hr HEO orbit has been intro-
duced to achieve the continuous Arctic imaging and to
OSPAR.
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minimize the ionizing radiation dose from the trapped pro-
tons (Trishchenko et al., 2011). The set of orbital elements
(Fig. 1) for the TAP orbit has been derived using an opti-
mization process based on four criteria:

(1) 100% continuous coverage of the polar region above
60�N with the Viewing Zenith Angle (VZA) limit of
70� (image refresh cycle of 10–15 min);

(2) the maximum altitude at the apogee point Ha below
45,000 km, i.e. not more than 25% higher than the
geosynchronous (GEO) orbit;

(3) the altitude of semilatus rectum of the orbit above the
Earth’s surface greater than 15,000 km to avoid the
region of trapped high-energy protons with energy
E > 10 MeV;

(4) the orbit inclination close to the critical value
(63.435�) to ensure stable location of orbit defined
by the rotation of perigee.

In comparison to 12-h Molniya HEO orbit widely
employed for communication purposes and initially con-
sidered for polar meteorological observations, the TAP
orbit reduces the radiation exposure to high-energy pro-
tons by factor of 103–104. The projection of satellite ground
track on the Earth’s surface for the 16-h TAP HEO orbit
has three stable positions of the apogee points. They are
separated by 120� in longitude and can be conveniently
selected to observe areas over the North America, Europe
and Asia regions.

Trichtchenko et al. (2014) conducted a comprehensive
analysis of the ionizing radiation environment for the fam-
ily of HEO orbits with orbital periods ranging from 6 h to
24 h. The minimum of the total ionizing dose has been dis-
covered for the range of orbital periods between 14 h and
15 h. As a result of this analysis, a set of Multiple APogee
(MAP) HEO orbits has been proposed (Trishchenko et al.
2016). The MAP orbits with period of 14–15 h have drift-
ing (multiple) apogee locations with a repeat cycle of sev-
eral days (7 and 5 days, correspondingly). This leads to
more uniform distribution of observational geometry,
reduces possible angular-dependent sampling biases and,
Fig. 1. Graphical layout of elliptical orbit and definition of Keplerian
orbital elements.
therefore, is more suitable and beneficial for climate and
weather observations from space.

A key consideration for designing the TAP orbit was a
reduction of ionizing dose due to high-energy protons. This
was achieved by devising the orbit that does not cross the
area with large concentration of high-energy proton
(Trishchenko et al., 2011). This optimization scheme paid
less attention to minimizing the overall impact of electrons
and the total ionizing dose. In fact, not much else can be
achieved with this optimization approach, because the four
criteria listed above determine all major Keplerian orbital
parameters shown in Fig. 1, i.e. the semi-major axis a,
the eccentricity e, the argument of perigee x, and the orbit
inclination i. The remaining two Keplerian orbital ele-
ments, the right ascension of ascending node X and the true
(mean) anomaly mðMÞ, determine the angular position of
the orbital plane in the celestial inertial coordinate system
and the satellite position along the orbit (Duboshin,
1976). As such, they do not have significant impact on
the total radiation dose due to the cyclic nature of satellite
orbital motion.

This study focuses on minimizing the total radiation
dose for the 14-h, 15-h and 16-h HEO orbits, which is ben-
eficial to extend the duration of the satellite mission. These
orbits are identified as the most practical for implementing
a continuous Arctic satellite observing system
(Trishchenko et al., 2016; Berquand, 2017). We conducted
this additional analysis by relaxing the criterion for a max-
imum altitude, i.e. allowing the apogee height Ha to be lar-
ger than 45,000 km. This is equivalent to changing the obit
eccentricity (or perigee height). Based on conclusions from
the analysis presented by Trichtchenko et al. (2014) for
orbits with periods longer than 14 h, the dominant ionizing
component are electrons of the outer radiation belt. Thus,
the main idea is to see if the 14-h, 15-h and 16-h HEO
orbits can fit better within the slot zone between the inner
and outer electron belts to reduce the total ionizing dose
(TID).
2. Orbital analysis

The approach for the selection of orbital parameters is
similar to that proposed by Trichtchenko et al. (2014).
We consider the set of HEO orbits at critical inclination

icr ¼ arccos 1=
ffiffiffi
5

p� � � 63:435�, that ensures a minimal

rotation of perigee (Duboshin, 1976; Vallado, 2007). Due
to practical reasons, the limit of the perigee minimal alti-
tude is set as Hp � 1000 km to avoid the area of near-
Earth space densely populated by various man-made space
objects (Gleghorn et al., 1995), to reduce atmospheric drag
effects and to have some margins for natural orbit varia-
tions and orbital maneuvers. The argument of perigee x
should be equal to 270� to achieve location of the apogee
at the highest latitude (equal to icr). The orbital period T
is linked with a good accuracy to the semi-major axis a
as follows
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T ¼ 2p
a1:5ffiffiffiffiffiffiffiffi
GM

p ð1Þ

where GM ¼ 3:986004� 1014 m3 s�2 is the standard gravi-
tational parameter for the Earth.

The above assumptions define the values of three key
Keplerian elements: a; i;x and allow the fourth remaining
parameter, eccentricity e, to vary under two constrains:
(a) the perigee height Hp is greater than 1000 km limit
and (b) two-satellite HEO constellation achieves 100% cov-
erage above 60�N at VZA maximum limit 70�. The accept-
able values of eccentricity, the apogee and the perigee
altitude above the Earth’s surface computed with the above
constrains are plotted in Fig. 2. The Keplerian orbit
approximation has been assumed with the Earth’s radius
R = 6371 km for computing values of semi-major axis,
perigee and apogee altitudes displayed in Fig. 2. The values
of eccentricity below 0.65 for the 14-h orbit, below 0.63 for
the 15-h orbit and below 0.61 for the 16-h orbit are too
small to ensure the required 100% coverage above 60�N.
The values of eccentricity above 0.75 for the 14-h orbit,
above 0.76 for the 15-h orbit, and above 0.77 for the 16-
h orbit lead to perigee altitude being less than 1000 km.
The range of the above eccentricity values with eccentricity
steps equal to 0.01 has been utilized to model the satellite
radiation environment using the ESA’s SPace ENViron-
ment Information System (SPENVIS – https://www.spen-
vis.oma.be/) as described in the next section. The results
are compared to the 16-h TAP orbit defined in
Trishchenko et al. (2011). We refer to this orbit as ‘‘the ref-
erence TAP orbit” for the rest of this paper. The eccentric-
ity of ‘‘the reference TAP orbit” is equal to 0.55. Because
the 16-h orbit at critical inclination with this eccentricity
cannot satisfy the coverage requirement, the inclination
of ‘‘the reference TAP orbit” is slightly increased from
63.435� to 66� to ensure 100% coverage of the polar region
above 60�N.
Fig. 2. The range of apogee and perigee altitudes above the Earth’s
surface for the HEO orbits with periods 14 h, 15 h and 16 h.
3. Modelling of satellite radiation environment

The detailed analysis of satellite environment for a vari-
ety of HEO orbits, with use of the ESA’s SPENVIS online
modeling tool (Heynderickx et al., 2004) has been pre-
sented in (Trichtchenko et al., 2014). Comparisons of two
models for trapped radiation, AE8/AP8 (Sawyer and
Vette, 1976; Vette, 1991) and AE9/AP9 (Ginet et al.,
2013) presented in Trichtchenko et al. (2014), showed that
AE8/AP8 trapped radiation models gave slightly higher
radiation results for the HEO orbits with periods 14–
18 h. For conservative estimates, it was decided to use
the AE8/AP8 model.

For consistency with previous analysis and conservative
estimates, the radiation models for the trapped particles
AP8 and the AE8 have been utilized with a setup corre-
sponding to solar maximum to simulate the radiation envi-
ronment for the set of orbital parameters described in
Section 2. The solar proton fluences have been computed
using ESP-PSYCHIC model with setup for the worst event
(Xapsos et al., 1999, 2000). The total ionizing dose and its
components have been evaluated using SPENVIS built-in
model SHIELDOSE (Seltzer, 1980) with shielding configu-
ration for the finite aluminum slab and the silicon (Si) as
target material.

The results of the radiation environment modelling are
obtained as a set of annual total ionizing doses Dif g and
radiation components Cif g caused by trapped electrons
(TrE), trapped protons (TrP), the solar protons (SolrP)
and the bremsstrahlung radiation (Brem) computed at 25
standard shielding thickness values X if g ranging from
0.05 mm to 20 mm. The linear interpolation of log-values

has been applied to derive the shielding thickness value eX
corresponding to an annual TID value eD selected as 5 krad
and 3.33 krad. This corresponds to ten-year and fifteen-
year space missions assuming the total accumulated mis-
sion dose over the mission life equals to 50 krad
(Emmanuel et al., 2014; Trichtchenko et al., 2014). This
interpolation is described below:

eX ¼ X i þ
lneD � lnDi

� �
lnDiþ1 � lnDið Þ ðX iþ1 � X iÞ ð2Þ

where Di � eD � Diþ1.
Similar interpolation scheme is applied to obtain radia-

tion components eC , once appropriate shielding thickness eX
is determined from (2).

Y eX� �
¼ lnCi þ lnCiþ1 � lnCi

X iþ1 � X i
ðeX � X iÞ ð3Þ

eC ¼ exp Y ðeX Þ
n o

ð4Þ

Fig. 3 shows results of SPENVIS radiation modeling for
three types of orbits (14-h, 15-h, 16-h) and two TID levels:
5 krad/yr and 3.33 krad/yr. The top panel (Fig. 3a) shows
the thickness of aluminum slab as function of orbit eccen-

https://www.spenvis.oma.be/
https://www.spenvis.oma.be/


Fig. 3. The thickness of aluminum slab to keep the annual total ionizing
dose TID at 3.33 krad/yr and 5 krad/yr (a); the dose components of
TID = 5 krad/yr (b) and 3.33 krad/yr (c), i.e. 10 and 15 years of mission
lifetime for a total mission dose of 50 krad. Components for the trapped
electrons (TrE), the trapped protons (TrP), the solar protons (SolrP) and
the bremsstrahlung radiation (Brem) are shown for 14-h, 15-h and 16-h
HEO orbits using AP-8/AE-8 models.
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tricity. Panels b and c) in Fig. 3 show radiation from differ-
ent components, such as trapped electrons, trapped pro-
tons, solar protons and the bremsstrahlung radiation at
two levels: TID = 5 krad (b) and TID = 3.33 krad (c).
Crosses (�) denote results for ‘‘the reference TAP orbit”
connected to the main modeling results by dashed lines in
Fig. 3.

Each curve in Fig. 3a has a distinct minimum, although
not very sharp, which means there is one best orbit (eccen-
tricity value) for each orbital period within eligible range of
eccentricity values shown in Fig. 2. Parameters of each
minimum are summarised in Table 1. Table 1 also includes
values for ‘‘the reference TAP orbit” marked by ‘‘�”. It is
important to note that the minimum for each orbital period
occurs inside the eligible interval of eccentricity values, not
at the edge of that interval. The difference in eccentricity
values between location of minima for 5 krad and 3.33
krad curves is quite small (0.01 for 14-h and 16-h orbits,
0.02 for 15-h orbit). Parameters of radiation minimum
for the 14-h orbit are nearly identical to the ones identified
in Trichtchenko et al. (2014) (eccentricity equal to 0.71). As
such, one cannot expect noticeable improvement in terms
of radiation environment for the 14-h orbit relative to what
has been already reported. The situation for the 15-h and
16-h orbits is different. The radiation environment can be
significantly improved for these orbits with the apogee alti-
tudes above 45,000 km. The radiation minimum occurs at
the eccentricity values 0.72–0.74 for the 15-h orbit and
0.74–0.75 for 16-h orbit. The eccentricity values have been
set to 0.63 and 0.56 for 15-h and 16-h HEO orbits in
Trichtchenko et al. (2014) to keep apogee heights below
45,000 km. This restriction is removed in the current study.

The range of apogee altitudes corresponding to a mini-
mum of ionizing radiation is around 44,000 km for the
14-h orbit, 46,640–47,260 km for the 15-h orbit and
49,620–49,940 km for the 16-h orbit. The maximum alti-

tude factor r ¼ Ha
HGEO

¼ Ha
36;000 km

is 1.22 for the 14-h orbit,

1.31 for the 15-h orbit and 1.39 for the 16-h orbit. To
ensure proper coverage, each satellite in a two-satellite
HEO constellation should be imaging 16 h per day, leading
to a total of 32 h of imaging time (Trishchenko et al.,
2011). This corresponds to a total imaging time per orbit
of 9 h200 (±4h400 around the apogee point) for the 14-h
system, 10 h (±5h) for the 15-h system and 10 h400

(±5h200) for the 16-h system. Table 1 contains data corre-
sponding to altitudes at the start of imaging interval, tem-
poral mid-point position and the average altitude for entire
imaging interval. One can see that the average imaging alti-
tudes for all orbits are below 44,000 km (38,400 km to
43,800 km). The mid-point altitudes vary between
39,950 km and 45,530 km. Consequently, the average alti-
tude factors are below 1.25 (1.07–1.22) for all orbits.

The ionizing dose from the trapped electrons provides
the largest contribution to TID as seen in Fig. 3b and c).
It reduces with increase of the orbit eccentricity. The
contribution from the trapped protons demonstrates an
opposite behavior, i.e. slight increase with the growth of
eccentricity. Contribution from the trapped electrons is
largest for the 16-h orbit and smallest for the 14-h orbit.
Contribution from the trapped protons has an opposite
behavior, smallest for the 16-h orbit and largest for the
14-h orbit. Ionizing radiation from the solar protons and
the bremsstrahlung radiation are nearly constants for all
orbits and eccentricity values (�0.6 krad and �0.2 krad,
correspondingly).

Fig. 4 provides an illustration of the interplay between
components associated with trapped particles. It shows
the maps of AP8 MAX integral proton flux >10 MeV
(Fig. 4a and b) and the maps of AE8 MAX integral elec-
tron flux >1 MeV (Fig. 4c and d). The maps are plotted
in the magnetic coordinate system where magnetic polar
axis makes an angle of about 11� with respect to the Earth’s
spin axis Z shown in Fig. 1. As a result, each satellite HEO
trajectory in this coordinate system drifts within a range of
limits labeled by the arrows. The trajectories for the
‘‘reference TAP orbit” and the modified 16-h TAP orbit



Table 1
Parameters for the radiation minima.

Orbit
type

Eccentricity
e

Perigee
altitude
Hp ðkmÞ

Apogee
altitude
Hp kmð Þ

Start altitude
Hp kmð Þ

Mid-point
altitude
Hp kmð Þ

Average
altitude
Hp kmð Þ

Al
thickness
(mm)

Trapped
electrons
(krad)

Trapped
protons
(krad)

Annual TID = 5 krad (10- year mission)

14-h 0.72 1870 44,260 26,850 40,230 38,680 3.19 3.25 0.97
15-h 0.74 1640 47,260 28,920 43,020 41,400 3.13 3.17 1.04
16-h 0.75 1670 49,940 30,730 45,530 43,800 3.06 3.27 0.94
16-h� 0.55 8110 43,500 26,180 39,410 37,880 3.91 4.33 1.3E-4

Annual TID = 3.33 krad (15- year mission)

14-h 0.71 2,170 43,970 26,620 39,950 38,400 3.66 2.07 0.58
15-h 0.72 2,260 46,640 28,420 42,420 40,810 3.60 2.13 0.51
16-h 0.74 2,000 49,620 30,470 45,220 43,500 3.53 2.06 0.56
16-h� 0.55 8,110 43,500 26,180 39,410 37,880 4.35 2.70 7.8E-5

� denotes to the ‘‘reference TAP orbit” (Trishchenko et al., 2011).

Fig. 4. The 16-hr TAP HEO trajectories and the distribution map of AP8 MAX integral proton flux >10 MeV (a-b) and AE8 MAX integral electron flux
>1 MeV (c-d) in the magnetic invariant coordinate system. The semi-circle represents the surface of the Earth. Distances are expressed in Earth radii. The
angle (�11�) between magnetic and Earth rotation axes causes the spread in satellite orbit trajectories. The distribution maps are generated using
SPENVIS outputs.
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corresponding to a minimum for the TID = 3.33 krad
(e = 0.74) are displayed. The ‘‘reference TAP orbit” avoids
the high-density trapped proton region (Fig. 4a), thus min-
imising the impact from trapped protons (Table 1 and
Fig. 3b and c). At the same time, the ‘‘reference TAP orbit”
passes through the high-density areas of the outer electron
belt (Fig. 4c), thus the input of electrons in total dose is
high as shown in Fig. 3b, c and Table 1. The modified
16-h TAP orbit (e = 0.74) goes slightly deeper into the pro-
ton belt (Fig. 4b) because of its smaller semi-minor axis,
but it escapes the dense region of the trapped electrons
(Fig. 4d).

To better illustrate the advantage of the TID/radiation
shielding minimization, the SPENVIS modeling results
have been converted into estimates of mission duration.
We assumed the mission lifetime TID equal to 50 krad.
This value has been used to determine the minimum
aluminum thickness required to accumulate this dose for
10-year and 15-year mission. The values of aluminum
thickness are listed in the first column of Table 2. The
annual TIDi for the ‘‘reference TAP orbit” has been deter-
mined for these shielding values using an interpolation
scheme described by Eqs. (3) and (4). The total mission
duration T i for selected cases has been computed as

T i ¼ 50krad
TIDi

ð5Þ

The mission duration values for the ‘‘reference TAP orbit”
estimated according to (5) are listed in the third column of
Table 2. The fourth column contains difference with respect
to selected HEO mission duration identified in second col-
umn. For the 10-year case, the ‘‘reference TAP orbit” sys-
tem will accumulate an equivalent dose between 4.3 years
to 4.9 years, i.e. will last shorter by 5.1 years to 5.7 years
(51–57% shorter) relative to the HEO orbits configured
to fly in the region of TID minimum. For the 15-year case,
the ‘‘reference TAP orbit” system will last between
6.9 years to 7.8 years until it accumulates TID equal to
50 krad with selected shielding thickness values. The differ-
ence in mission duration in this case is between 7.2 years to
8.1 years (i.e. 48–54% shorter). It should be mentioned that
this analysis might not be perfectly accurate, as mission
duration depends on many factors, including details of
spacecraft and imager design as well as space mission oper-
ations scenario. These estimates are included here to qual-
itatively demonstrate the advantage of ionizing dose
minimization.

4. Conclusions

The study presents results of additional analysis for the
purpose of selecting the best type of highly elliptical orbit
for continuous Arctic observation from the HEO satellite
system, to complement the GEO constellation and to
achieve continuous meteorological imaging of the globe.
Previous publications laid out optimization principles and
provided some practical recommendations for selecting a
HEO orbit configuration. Several attractive solutions, such
as 16-h TAP orbit and multiple apogee 14-h and 15-h HEO
systems have been proposed (Trishchenko et al., 2011,
Trichtchenko et al. 2014; Trishchenko et al., 2016). One
of the major assumptions in the above studies was a limit
of the apogee height 45,000 km above the surface. This cri-
terion has been set in an ad-hoc manner for the HEO
observing system to achieve compatibility with the imaging
capacity of current state-of-the art GEO satellites.

The set of three HEO orbits with 14 h, 15 h and 16 h
periods at critical inclination (icr ¼ 63:435�) have been ana-
lyzed in this study with the goal of minimizing the total ion-
izing dose (shielding thickness) by relaxing the criterion for
the maximum altitude, i.e. allowing it to be higher than
45,000 km. This assumption translated into eligible range
of eccentricity values 0.65–0.75 for the 14-h orbit, 0.63–
0.76 for the 15-h orbit, 0.61–0.77 for the 16-h orbit. The
results obtained with application of the ESA’s SPENVIS-
based space radiation environment modeling showed that
each orbit has a unique eccentricity value associated with
the minimum of the total ionizing dose (or shielding thick-
ness). These eccentricity values occur well inside of the eli-
gible interval, not at the edges. The minimum for 14-h orbit
occurs within eccentricity range 0.71–0.72 and is nearly
identical to what was suggested by Trichtchenko et al.
(2014). The minimum for 15-h orbit occurs within eccen-
tricity range 0.72–0.74, while for the 16-h orbit it occurs
within eccentricity range 0.74–0.75. These eccentricity val-
ues for 15-h and 16-h orbits lead to apogee altitudes in
the range 46,640 km to 47,260 km for the 15-h orbit and
49,620 km to 49,940 km for the 16-h orbit, i.e. slightly
higher than the ad-hoc altitude limit of 45,000 km. How-
ever, the average altitudes over the imaging period vary
between 38,400 km and 43,800 km.

An improved radiation environment can have a signifi-
cant impact on a space mission duration. We made some
simple estimates to evaluate the impact of reduced radia-
tion dose. Comparison has been conducted between a
new set of HEO orbits corresponding to radiation mini-
mum and the ‘‘reference TAP orbit”. Realistic aluminum
thickness values for a new set of orbits has been used to
estimate the mission duration of the ‘‘reference TAP orbit”
to accumulate the total ionizing dose 50 krad. Analysis
showed that the 14-h, 15-h, and 16-h HEO mission that
can operate for 10-years in the radiation minimum region
will last for only 4.9 years, 4.6 years and 4.3 years if placed
on the ‘‘reference TAP orbit”. Similar estimates for a mis-
sion with shielding for 15-year duration give values of mis-
sion life equal to 7.8 years, 7.4 years and 6.9 years for the
‘‘reference TAP orbit”. Decrease of the TID is achieved
due to significant reduction of ionizing radiation from the
trapped electrons, but at the expense of slight increase of
ionizing radiation from the trapped protons and a slight
increase in maximum apogee altitude for 15-h and 16-h
orbit above the previously set limit of 45,000 km. From
the geometric point of view, the improvement in the space
radiation environment is achieved through the avoidance



Table 2
Mission duration for the ‘‘reference TAP orbit” (�) for selected shielding levels and TID = 50 krad.

Aluminum thickness (mm) Comparison to HEO mission Duration (yr) Difference (yr)

3.19 14-h 10-year 4.9 5.1
3.13 15-h 10-year 4.6 5.4
3.06 16-h 10-year 4.3 5.7
3.66 14-h 15-year 7.8 7.2
3.60 15-h 15-year 7.4 7.6
3.53 16-h 15-year 6.9 8.1
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of the most densely populated part of outer electron belt
and better fit of the orbit trajectory into the slot area.
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