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SUMMARY: Landing on Mars is extremely challenging task due to the fact that
the Martian atmosphere is the most hostile environment in the Solar system to
perform the entry, descent and landing (EDL) process, because it is thick enough
to create substantial heating of the entry vehicle but not thick enough to reduce
its velocity to the one necessary for safe landing. Beside this, the atmosphere is
very dynamic mainly due to high eccentricity of the Martian orbit, obliquity of
the orbital to the equatorial plane and close alignment of the winter solstice and
the orbital perihelion. Although seasonal variations of atmospheric parameters are
significantly larger than the diurnal, it is very important to analyze diurnal cycles
as they can significantly change vertical and horizontal atmospheric profiles in very
short time intervals. This can present a serious threat to missions which have very
precise timings and specific requirements such as the requirement for the daytime
landing to enable ground images acquisition during the descent and landing phase.
A 3-degrees-of-freedom trajectory integration routine was combined with the Mars
Global Reference Atmospheric Model (Mars-GRAM) to identify the dependence of
the EDL profiles on the diurnal cycles of atmospheric parameters throughout the
Martian year. The obtained results show that the influence of the diurnal cycles
is the largest at the equator and decreases relatively symmetrically towards the
poles with a slightly stronger influence in the northern hemisphere. Also, there
is a significant influence of the orbital position of Mars on the effect of diurnal
atmospheric variations which causes that, around the orbital perihelion and winter
solstice, there is some kind of inversion of the dependance of optimal entry timing
on latitude of the landing site comparing to the rest of the Martian year.
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1. INTRODUCTION

Out of 15 missions which were designed to
land on the surface of Mars up to date, only 7 of
them have been fully successful. The other half failed
due to variety of reasons and many of them have re-
mained unresolved. The most recent case is the fail-
ure of Beagle 2 due to unknown reasons. While the

landing on any Solar system body presents a gigantic
challenge, there is no doubt that Mars distinguishes
itself due to its extremely hostile atmospheric envi-
ronment from the atmospheric flight mechanics point
of view (Poncy et al. 2010). The difficulty of plac-
ing the spacecraft on the surface of Mars primarily
arises from the fact that the Martian atmosphere is
thick enough to create substantial heating of the en-
try vehicle but not thick enough to reduce the ter-
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minal velocity to the level necessary for safe landing.
Relative to the Earth, Martian atmosphere is very
thin. Its density near the surface is approximately
100 times less than at the Earth. As a result, entry
vehicles tend to decelerate mainly at very low alti-
tudes and, depending upon their mass, may never
reach the subsonic terminal descent velocity. Having
this in mind, a height of atmospheric portion encoun-
tered by the entry vehicle is of crucial importance for
the safe landing. This is one of the reasons why all
fully successful landings up to date were achieved in
relatively low regions in the northern hemisphere and
equatorial region whose locations are shown in Fig. 1
on the topographic map from the Mars Orbiter Laser
Altimeter (MOLA) experiment (Smith et al. 1999).
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Fig. 1.
landings.

Locations of the previous fully successful

Mars distinguishes itself from other terrestrial
planets by a very interesting feature called global
dichotomy, which is reflected in the difference of
the average surface elevation, impact crater density
(age) and crustal thickness between the southern and
northern hemisphere. The origin of the dichotomy
remains puzzling with several very different sugges-
tions to explain it, e.g. an extremely large impact in
the early history of the planet (Wilhelms and Squyres
1984). Considering that the dichotomy is a very im-
portant feature of Mars, and unique among the ter-
restrial planets, there is no doubt that there exists a
scientific interest for exploration of the whole Mar-
tian surface. Lower areas are interesting because of
a greater possibility of having liquid water in the
past when the atmosphere was thick enough. Even
at the present state of the atmosphere, five locations
have been identified to have pressure and tempera-
ture that allow liquid water to exist for some periods
of Martian year (Haberle et al. 2001). On the other
hand, higher areas in the southern hemisphere are in-
teresting for exploration because of their age which
dates mostly from the Noachian eon (4.6 - 3.5 Ga) of
planetary evolution and are estimated to be few bil-
lion years older than the lower areas in the northern
hemisphere which were under the strong influence of
volcanic activity in the relatively recent history. In
Fig. 1, it can be seen that due to the dichotomy, a
vast portion of Mars is left outside of the reach of
the landers and in situ exploration.

To be prepared for different situations that
can be encountered, EDL missions assume wide un-
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certainty range of the atmospheric profiles that ex-
ceed the diurnal variations for the specific landing
site. Some uncertainty ranges are also assumed for
other variables such as aerodynamic coefficients, ini-
tial conditions etc. Typical example of the uncer-
tainty range for the atmospheric density is shown
in Fig. 2 (Desai and Knocke 2004). In this figure
the uncertainty range is, given with respect to Kass-
Schofield model (Colombek et al. 2003), developed
specially for the Mars Exploration Rover (MER) mis-
sion landing sites.
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Fig. 2. Density variation from the Kass-Schofield
model (Desai and Knocke 2004).

The aim of this analysis is to qualitatively and
quantitatively define the influence of the nominal di-
urnal variations of the atmospheric parameters as
given by Mars-GRAM atmospheric model (Justus et
al. 1996, Justus et al. 2002) on the EDL sequence,
and to determine if they can be strong enough to sig-
nificantly alter the achievable landing site elevation.
The intention is also to identify possible optimal con-
ditions for the EDL in regard to the local true solar
time (LTST). This is often limited by positions of
the Sun, Earth and Mars for power and communica-
tion purposes, but some level of adjustment could be
possible, especially for the entry from the orbit as in
the case of Viking missions.

2. RECAPITULATION OF THE
PREVIOUS LANDINGS

The first soft landing on Mars was accom-
plished on December 2, 1971 by Mars 3 spacecraft.
Unfortunately, just after 20 seconds the instruments
stopped working. The reason has never been deter-
mined and the most probable cause was the strong
dust storm at the time and location of landing which
was 45° S, 202° E. Beginning with the landing of
Viking 1 on July 20, 1976, there were seven fully
successful landings on Mars until now. As mentioned
above, unlike Mars 3 which landed in the southern
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hemisphere at the elevation of 41666 m relative to
MOLA areoid (Smith et al. 1999), all of them were
accomplished in the lower areas of Mars in the north-
ern hemisphere or in the equatorial region. In Fig.
3 are shown seasons (areocentric longitudes of the
Sun, Ls) and LTST of 11 of 15 previous missions
which did not failed prior to the EDL and for which
the data could be found, both successful and unsuc-
cessful (Braun and Manning 2007, Vasavada et al.
2012).
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Fig. 3. Seasons and LTSTs of 11 previous landings.

From Fig. 3 one can see that previous land-
ings happened under various conditions ranging from
the early summer to late winter and from predawn,

¢ 1. Atmospheric entry, t=0, h=125km, v=5.6km/s

through the early morning to middle afternoon, but
that 8 of 11 missions shown in Fig. 3 tried to land
during day light hours, between 13h and 17h. In
this figure can also be seen that 3 of 4 unsuccessful
missions tried to land during the dust storm season
when Mars is close to its orbital perihelion. How-
ever, it cannot be claimed that the dust storms are
responsible for the failure of all of these missions.

The hardware and EDL scenarios of the previ-
ous missions are described in detail in the literature
(Braun et al. 1995, Steltzner et al. 2003, Desai et al.
2006, Desai et al. 2011), and they are summarized in
Fig. 4 (Desai and Knocke 2004) for the case of the
MER mission which was analyzed in this paper.

One of the most important EDL variables,
considering the possibility for landing on higher el-
evations, is the parachute deployment height above
the local ground level. The parachute must be de-
ployed at a sufficiently high altitude in order to have
enough time to perform all other necessary EDL op-
erations to ensure the safe landing. This time is
shown to be linearly related to the parachute de-
ployment height (Marceta et al. 2014). Because of
this, parachute systems have evolved from the time of
Viking landers in order to sustain larger mechanical
and aerodynamic loads induced by deployments on
higher Mach numbers (M) and dynamic pressures (q)
(Braun and Manning 2007, Desai et al. 2006, Prince
et al. 2011). This evolution is shown in Fig. 5.

The chronology of previous successful land-
ings shows the intention to deliver higher masses
on higher landing sites. This requires improvement
of existing and development of new technologies,
but also emphasizes the importance of better under-
standing the behavior of the Martian atmosphere for
future landings.
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Fig. 4. EDL sequence and the capsule geometry for the MER mission (Desai and Knocke 2004).
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Fig. 5. Parachute deployment conditions for previ-
ous landings.

3. VARIABILITY OF
THE ATMOSPHERE

Using the physical laws and in situ and re-
mote measurements of atmospheric parameters, a
number of global, regional and local models of the
Martian atmosphere have been developed. The
most frequently used global atmospheric model is the
NASA/Ames Mars Global Circulation Model (GCM)
(Leovy and Mintz 1969). Based on this GCM, a very
useful environmental statistics have been obtained
and summarized in the Mars Global Reference At-
mospheric Model (Mars-GRAM) (Justus et al. 1996,
Justus et al. 2002), which is used for the analysis
presented in this paper.

The complexity of the Martian atmosphere
arises from many sources, but the most important
is a very strong sensitivity to the amount of energy
received from the Sun due to its extremely law heat
capacity. Comparing to the Earth, about 100 times
less energy is needed to change the temperature for
one Kelvin of the same volume of gas near the sur-
face Mars than on the Earth. This characteristic is
extremely emphasized by the obliquity of Martian
orbital plane of 25.19°, large eccentricity of Martian
orbit of 0.0935, and a very close alignment of the
winter solstice (Ls=270°) and the orbital perihelion
(Ls=251°). These features are responsible for very
large variations of the insolation of the Martian sur-

%a_ce %hroughout the Martian year which is shown in
ig. 6.
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Fig. 6. Averaged daily insolation at the top of the
atmosphere.

In this figure one can notice a large asymmetry
with respect to the equator, which is a consequence of
the mentioned close alignment of the winter solstice
and the orbital perihelion, and of the large orbital
eccentricity. The consequence of this asymmetry is
also asymmetric behavior of the atmospheric param-
eters, an example of which is shown in Fig. 7.
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Fig. 7. Seasonal and latitudinal variations of daily
averaged atmospheric density at 50km height.
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Fig. 9. LTST of daily maximum atmospheric density.

As mentioned above, due to the large sensitiv-
ity to the amount of energy received from the Sun,
there are also very strong diurnal cycles of the at-
mospheric parameters. In Fig. 8 are shown diur-
nal variations (pmax/Pmin) Of the atmospheric den-
sity throughout the Martian year and across the 0°
longitude meridian.

In this figure, a different behavior of the atmo-
sphere around the orbital perihelion is evident also
on the diurnal level. Although the diurnal density
variations are significantly smaller than the seasonal
ones, which can be seen comparing Figs. 7 and 8§,
they are very important because they can change
the atmospheric parameters by significant amount
in very short time intervals. Another characteristic
of the atmosphere is that it is very unstable with
respect to the LTST which is shown in Fig. 9.

From this figure one can see that there are re-
gions of extremely large gradients which can cause
that LTST of maximum daily atmospheric density
changes for 12 hours in just 2 degrees of latitude
which is shown in the left diagram. Similar situation
is with altitude where LTST of py.x can change for
6 hours in just 1 km of altitude which is shown in the
right diagram of Fig. 9. All these variations which
are shown to be significant in the size and in gradi-
ents of variations clearly illustrate the importance of
the analysis of their influence on the EDL scenarios.

4. ANALYSIS

Since the aim of this analysis is to determine
the qualitative and quantitative influence of diur-
nal atmospheric variations on the EDL profiles, 3744
trajectories have been analyzed for 13 landing sites
along the 0° meridian, from 60°S to 60°N with a
10° step, for every one hour of the LTST and for 12
sols of the Martian year for every 30° of Ls starting
from 2013 August, 1 which corresponds to the ver-
nal equinox. As in the analysis of the influence of
the seasonal cycles on the EDL profiles (Marceta et
al. 2014), the EDL sequence has been simulated by
using the aerodynamic model of the MER entry ve-
hicle whose geometry is shown in Fig. 4. The initial
conditions and the trigger for the parachute deploy-
ment were taken to be the same as they were for the
entry of the MER-B (Opportunity), with initial ve-
locity of 5.5 km/s at 120 km altitude, initial flight

path angle (y) of -11.47° and dynamic pressure for
the parachute deployment of 725 Pa.

To calculate the trajectories of the entry vehi-
cle, a trajectory routine has been developed in MAT-
LAB to integrate 3-degrees-of-freedom trajectories
using governing Eqs. (1) for translation within the
atmosphere, relative to the rotating planet (Tewari
2007).

7 = vsin-y,

.
o= ;cosvcosA,

5 _ v cosysin A
 rcosg
mv = —D — mg.siny + mg, cosycos A

—mw?r cos @ (cosy cos Asin ¢ — sinycos @) ,

2
. v .
muv cosyA = m— cos® ysin A tan ¢
r

—mg, sin A + mw?r sin A sin ¢ cos ¢

—2mww (siny cos A cos ¢ — cosysin ),

2
. v .
MUY = M— COSy — Mg, COSY — Mg, siny cos A
r

+mw?r cos ¢ (siny cos Asin ¢ + cos~y cos @)
+2mwuv sin A cos ¢,

where m is the mass of the entry vehicle, r is the
areocentric radius, v is the velocity relative to the
atmosphere, ¢ is the areocentric latitude, A is the
areocentric longitude, v is the flight path angle, A
is the velocity azimuth, D is the drag force, g. and
g, are the radial and transverse components of the
acceleration due to gravity toward center and north,
respectively, and w is the angular velocity of Mars.
The entry interface corresponding to the Egs. (1) is
shown in Fig. 10.

To account for the gravity effects the gravity
model that includes the first zonal harmonic coeffi-
cient J2 = 1960.454F — 06 (Spohn et al. 1998) has
been used. Higher order harmonics are much smaller
%r]lsiLcan be neglected over the short time interval of
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Fig. 10. The entry interface.

5. RESULTS

The critical variable which determines the
possibility to land a certain mass on a certain al-
titude is the parachute deployment height. This is
very important because, from the moment of the de-
ployment to the moment of landing, there must be
enough time to perform a sequence of events which
are necessary for achieving a safe landing, as shown
in Fig. 4. Because of this, the dependence of the
parachute deployment height on latitude, Ls, and
LTST has been analyzed. In Fig. 11 maximal di-
urnal differences of the parachute deployment height
as a function of latitude of the landing site and Ls
are shown.

Fig. 11.

Mazximal diurnal variations of the
parachute deployment height.
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From this figure one can see that these dif-
ferences at the equatorial region are very significant
when the topographical characteristics of the Mar-
tian surface are taken into account (see Fig. 1).
Assuming an average slope of 50 m of altitude per
degree of latitude from north to south which cor-
responds to the data from the MOLA experiment
(Smith et al. 1999), Fig. 11 shows that the diur-
nal variation of the achievable landing site elevation
can vary by 20 degrees in latitude in the equatorial
region while it is significantly smaller in the mid-
latitude regions. In Fig. 12 diurnal variations of
other important parameters at the moment of the
parachute deployment: velocity, path angle, Mach
number and the time from the beginning of the en-
try at 120 km altitude are presented. In this figure
one can see that there are significant variations in ve-
locity, whose typical value is about 400 m/s, and the
path angle, whose typical value is about -25°. For
this typical value of the deploy velocity, every m/s
carries about 0.3 MJ of kinetic energy for the mass
of the MER entry vehicle that has to be dissipated
before the touchdown. While the relative variation
of the deploy Mach number is nearly the same as
that of the velocity, the variation of several percents
around the typical value of about 1.8 should have
only a minor influence on the flow field around the
vehicle in that part of supersonic regime.

In Fig. 12 differences of the time passed un-
til the parachute deployment are also shown. This
time could be important in the case that some of the
EDL events are time defined with respect to some
predefined epoch. In this figure one can see that the
upper part of the atmosphere is not capable of pro-
ducing significant variation of this time on the diur-
nal level especially having in mind that it takes usu-
ally 6 minutes from the height of 120 km, where any
significant influence of the atmosphere on the tra-
jectory begins to occur, to the deployment. On the
other hand, lower parts of the atmosphere can signif-
icantly alter the descent time, especially when Mars
is close to its orbital perihelion when strong tem-
perature inversions can occur in the northern mid-
latitudes (Marceta et al. 2014).
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Fig. 13. LSTS of minimum and maximum parachute deployment heights.

As it is very important to identify the optimal
LTST for entry, Fig. 13 shows LTSTs of minimum
and maximum parachute deployment heights.

In this figure one can see that the LTST of
both minimum and maximum parachute deployment
heights show a similar dependence on latitude for the
large part of Martian year, and a completely opposite
behavior when Mars is close to its orbital perihelion
and atmosphere exhibits completely different behav-
ior due to significantly increased amount of energy
received from the Sun. One can notice that the maxi-
mum parachute deployment heights occur during the
daylight hours which could be a bit confusing since,
at that part of sol, there is usually a higher tempera-
ture and lower density. However, this applies only to
the lowest layer of the atmosphere of Mars, while in
the higher altitudes there can be the opposite situa-
tion. In Fig. 14 a comparison of the two trajectories
corresponding to 3h and 16h LTST for the equato-
rial landing site and for the sol corresponding to the
vernal equinox is shown.

In this figure one can see that the differences
of the density at higher altitudes cause that the tra-
jectory corresponding to 16h LTST reaches the crit-
ical dynamic pressure of 725 Pa for the parachute
deployment about 900 m higher than the trajectory
corresponding to 3h LT'ST. This figure illustrates the
importance of complex vertical profiles of the Mar-
tian atmosphere for the prediction of EDL.

6. SUMMARY

Considering that half of the missions designed
to land on the surface of Mars have failed and some
of these failures are suspected to be due to the atmo-
spheric circumstances at the time of EDL, it is nec-
essary to analyze the influence of the atmospheric
variations on the EDL profiles. Although diurnal
cycles of the atmospheric parameters are shown to
be much lower than the seasonal, they can also sig-
nificantly alter the EDL scenarios. From the above
analysis, several conclusions can be drawn:

e The maximal diurnal variations of the
parachute deployment height occur at the
equator where they can reach 1 km. These
variations decrease relatively symmetrically
towards the poles.

e When taking into account that the average
slope of surface elevation with respect to the
MOLA areoid from north to south is about
50 m of elevation per degree of latitude, these
variations can alter the accessible landing re-
gion around the equator by about 20° of lati-
tude depending on the LTST of EDL.

e The velocity and the flight path angle at the
moment of the parachute deployment can also
be significantly influenced by the diurnal at-
mospheric cycles while the time till the deploy-
ment of the parachute and the deploy Mach
number, although with similar relative varia-
tions, have only a minor influence on the EDL
process.
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e The optimal entry time has a similar depen-
dence on latitude for the large part of the Mar-
tian year but a completely opposite behavior
around the winter solstice when Mars is also
very close to the orbital perihelion. Maximum
parachute deployment heights can be expected
during the daylight hours while the minimum
deployment heights can be expected around
midnight.
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E®ERAT NTHEBHMNX ATMOC®EPCRKNUX BAPUMUJAIINJA
HA CJIETAIBE KOCMMNYKUX JIETEJIITA HA MAPC
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Opuzurastu HayuHy pPao

Cuerame ma Mapc mpencraBba OrpoMaH
n3a30B 300r uumenune na je Mapcosa aTmoc-
¢epa HajHEUpUKIanHUje OKpy:keme y CyHUeBOM
cucreMy 3a wu3Boheme oBor mpomeca jep uMma
[OBOJBHY T'YCTUHY nOa WHAYKYje 3HAYAjHO 3arpe-
Bame JeTenule Koja yJasu y arMocepy, aau je
ca Ipyre CTpaHe HENOBOJLHO I'yCTa Oa yCIOpU
JIETeJIUITY JOBOJLHO ma Oum ce m3Bpmmio 6e36emHo
cnerame. Ilopen osora, Mapcosa armcdepa
je BeoMma muHAMUYHA Tpe cBera 3000 BeIUKOT
ekcieaTpuriurera MapcoBe opbure, maruba op-
OvTajsHe NpeMa €eKBATOPCKOj DPABHU UM BeoMa
OJMUCKMX LOJIO)Kaja Iepuxesga UM 3UMCKOD COJ-
crunuja. lMako cy ce30oHCKe Bapujalnuje aTmoc-
(depckux mapamerapa 3HATHO Behe 0] NHEBHUX,
BEOMa je BAKHO UCTPAaKUTH YyTHUNAj NHCBHUX IIUK-
Jyca 3aTO IITO OHM MOI'Y 3HA4YajHO A IPOMEHE
BEPTUKAJHE U XOPU3OHTAJIHE NOpoduiIe aTMOC-
(depe y BeOMa KPATKUM BPEMEHCKUM WHTEPBAJI-
ma. OBO MOM¥e TpeACTaB/LATH BEIUKY IPETHY
3a MHCHje KOje Cy BPEMEHCKU BeOMa NIPENnu3HO

HeUHUCAHE U UMajy CIEMU(UUHE 3aXTeBe, Kao
IITO je Ha IpUMEep 3aXTeB 3a MTHEBHUM CJIETa-
wmeM Ja 6u ce omoryhmio ¢ororpaducame tepe-
Ha 3a BpeMe cieTama. Y OBOj aHAJIU3U j€ KO-
pumthen Mars-GRAM armocdepckn mMomen Koju
je umHTerpucaH y PYTUHY 3a M3padyHaBame Oa-
JIUCTUYKAX IyTama JIeTeJulle, Kako OM ce MaeH-
TR(PUKOBAJIA HBUXOBA 3aBUCHOCT OJ OHEBHUX IVK-
Jyca aTMOC(epPCKUX mapaMeTrapa y Pa3InduTuM
nmenosuma Mapcose romuue. Ilobujern pesy-
TaTU yKasyjy Oa je yTUIaj THEBHUX Bapujaluja
Haju3paKeHUju HA €KBATOPY U Oa Omala pela-
TUBHO CUMETPUYHO Ka IOJIOBUMA Ca HEIITO JaUuuM
yTunajeM Ha ceBepHO]j xemuc¢epu. Tarobe moc-
TOju W BeoMa 3HaUYajaH yrunaj Mapcosor op-
OUTAJHOD TOJIOMKAja TakKO Oa y OJNM3WHU HEepu-
xena, m3MmeDhy ocTasor, mocroju Heka BpCTa HUH-
Bep3Uj€e 3aBUCHOCTU ONTUMAJHOL JOKAJIHOT Bpe-
MeHa clleTama OJ JaTuTyne y mopebemy ca oc-
TATKOM T['OJIUHE.
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