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Abstract: HYPATIA is a proposed mission that would demonstrate the use of 
planetary balloon and water electrolysis technology on the Martian northern 
polar cap. The combination of both technologies allows a small science payload 
to be landed repeatedly and carried across the polar terrain. HYPATIA consists 
of a small gondola under a metallised Mylar balloon filled with hydrogen from 
the polar ice. This paper details the mission objectives and the science 
requirements. It describes the overall mission design and the science payload of 
the balloon vehicle. 
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1 Introduction 

1.1 Balloons for planetary science 

Balloons have been long recognised as unique scientific platforms due to their ability to 
rapidly perform high-resolution imaging and in-situ measurements over large distances 
with low power consumption. They have been proposed for a limited number of niche 
mission scenarios where controllability and specificity of location are not important. 
Unfortunately, these platforms suffer from relatively short operational lifetimes and 
relatively low payload mass limits. The only planetary balloon missions were the French-
Soviet Vega probes, deployed in the Venusian atmosphere in 1985 to take atmospheric 
readings (Preston et al., 1986). 

For planets with optically thin atmospheres, imaging from balloons has been 
supplanted by sub-metre per pixel orbital imaging (McEwen et al., 2007). However, a 
strong case for balloons remains where in-situ measurements are required over large 
areas. Several groups have made the case for balloon-deployed instruments in the 
planetary context. For instance, the Jet Propulsion Laboratory has proposed a 20-kg 
sounding radar similar to SHARAD on Mars Reconnaissance Orbiter for use on a Mars 
balloon. Another balloon proposal was to re-fly the 5-kg gamma ray spectrometer that 
was used on Mars Odyssey (Wolf et al., 2012). The goal of both proposals was to fly 
these instruments at a lower altitude, where they could image the surface and subsurface 
at higher resolutions than what would be possible from orbit. 

1.2 State of the art of Mars balloons 

Mars is the most challenging environment in which to float a balloon vehicle, due to the 
limited buoyancy available in its low-density atmosphere. This forces the use of very 
large envelopes when compared to balloons deployed to other atmospheres in the solar 
system. While using miniaturised electronics and low molecular-weight lifting gases can 
mitigate the low buoyancy of the Martian atmosphere, there is still a fundamental limit to 
how much mass can be floated. 

Balloons can be scaled up to fly heavier payloads, but a larger balloon takes longer to 
deploy, which is an added risk during the entry, descent, and inflation (EDI) phase. 
Experiments conducted by Jet Propulsion Laboratory on helium balloon deployment in 
Earth’s stratosphere, where the pressure is similar to that on Mars, confirmed that a 
spherical balloon 10 metres in diameter can be aerially deployed within 90 seconds. This 
balloon had a total mass of 7.4 kg, and its envelope was polyester with a thickness of  
12.7 μm. It was initially moving at a speed of 25 m/s (Hall et al., 2007). The rest of this 
paper will assume similar numbers in order to keep the following proposal plausible. 

1.3 Ballooning opportunities on the Mars polar caps 

One such appealing niche is the exploration of the north polar layered deposits (PLD) of 
Mars. The PLD is very broad, of order 1000 km, and is accessible for less than a quarter 
of the Martian year (LS = 90° to 180°) due to seasonal CO2 ice sublimation. Exploring 
the PLD in this amount of time is impractical with a rover, but is conducive to a balloon. 
The highest point of this formation is in the approximate centre, near 90° N, and its 
lowest points are along the rim, generating katabatic winds from the cold air flowing 
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down and outwards from the centre which could propel the balloon on its journey. Along 
the way, the aerobot could replenish its hydrogen lifting gas via in-situ electrolysis of the 
exposed water ice (Aharonson et al., 2004). 

This paper will present a potential mission concept to advance Mars polar science 
using a small gondola suspended under a hydrogen balloon. The gondola would be 
equipped to image the polar terrain, take atmospheric measurements, and to analyse the 
evolved gases from the ice at multiple different sites. This mission platform is designated 
HYPATIA for hydrolysed polar terrain ice aerobot. 

2 Motivation: in-situ sampling of Mars northern polar deposit 

2.1 The scientific value of the Martian PLD 

Orbiting spacecraft since Mariner 7 have revealed the PLDs to consist of a CO2 ice layer 
in winter, which sublimates every spring to reveal a smaller permanent water-ice layer. 
During each winter, 25% of the atmosphere freezes out on the PLDs and as far as 60°N, 
trapping dust and trace gases within their stratigraphic layers (Hansen et al., 2013). On 
longer timescales, the trapped dust and gases are thought to vary in concentration across 
stratigraphic layers, according to periodic variation in climate caused by secular changes 
in the orbit and obliquity of Mars. The PLDs thus offer an accessible record of Martian 
climate history for at least the past ~106 years (Levrard et al., 2004). 

The fixed temperature of saturated air over 200 K ice, combined with the local 
topography, gives rise to katabatic winds flowing downwards and outwards from the high 
centre to the low rim. This behaviour, coupled with Coriolis rotation, causes a pinwheel 
pattern of spiral troughs on the NPLD (Smith et al., 2013). The stratigraphic layers are 
exposed on the equatorial-facing slopes due to wind erosion, with the same wind 
depositing the removed material onto the polefacing slopes (Fishbaugh and Head, 2001). 
The exposure of these layers creates an opportunity to investigate the climactic history of 
Mars at low cost. Additionally, as with terrestrial ice cores, inclusions trapped in the near 
surface ice may give clues to the geological and biological history of Mars (Mousis et al., 
2012) as well as a record of solar insolation that could inform terrestrial climate studies. 

2.2 What remains to be done in-situ 

To date, no probe has visited the PLDs of Mars. As a result, there is no ground truth to 
examine whether orbital imagery of layers correlate with variations in ancient climate. 
Isotopic ratios, in particular the deuterium/hydrogen (D/H) and O16/O18 ratios, in each 
layered deposit may provide clues to how water was exchanged between the polar caps 
and the atmosphere, and the isotopic character of previous atmospheres (Moores et al., 
2012). Furthermore, within the present cap, there are at least three different historical 
caps, each exposed in a different area (Holt et al., 2010). A mission capable of 
investigating the exposed historical remnants in a single launch would be able to see if 
there are any major shifts in the isotopic character of the atmosphere on Ma-timescales. 
Such variations could be examined by an instrument sensitive to different isotopologues 
of water, for instance, a sensitive quadrupole mass spectrometer or a tunable laser 
spectrometer. 
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2.3 Hopping balloon vs. rover 

The permanent NPLD is 1,000 kilometres across. A long-distance sampling vehicle 
would need to transverse at most 500 kilometres from the centre to the rim, in order to 
fulfil the scientific requirements outlined in Section 2.2. There are two options for the 
proposed vehicle: a wheeled rover and a balloon that lands and takes off repeatedly using 
hydrogen sourced from polar ice. Both options are severely constrained by the crocus 
date. The NPLD is not free of CO2 ice until after the summer solstice. This reduces the 
effective mission duration to about 126 sols, from the summer solstice to a point when 
the sun begins to cross the horizon (Section 3.3). 

Assuming the maximum drive progress of the Lunakhod Rover (Clancey, 2012) of 
16.533 km in just 12 days in 1973, approximately 1.378 km per day, a rover would be 
limited to a traverse of no more than 178 km. However, the Lunakhod rovers were 
teleoperated, a mode of operations not possible on Mars, given the light-time delay. 
While advances in autonomous navigation will increase the total distance that may be 
covered in a single sol and the terrain of the NPLD is relatively easy to traverse (e.g. 
Herny et al., 2014), typical distances of the current Mars Rovers, such as the Mars 
Science Laboratory, of 100–200 m per sol are more realistic. When also considering the 
time required to perform scientific analysis, the distances traversed by modern spacecraft 
suggests that rovers are limited to at most a few tens of km of traverse distance. 

A hopping balloon offers a different sampling strategy. The katabatic wind is at  
least 6 m s–1 (Section 4.2). At this speed, a balloon vehicle can cross approximately  
500 kilometres in 24 hours. There is thus ample margin for surface operations before the 
timeline runs out of uninterrupted sunlight. This vehicle can be used to investigate the 
exposed areas of the historical remnant deposits within a single mission duration, at the 
cost of fewer coring sites per slope. 

3 Mission profile 

3.1 Concept 

The mission profile concept is shown in Figure 1. HYPATIA is small enough to be either 
a stand-alone mission or to share a spacecraft with a dedicated polar orbiter/lander. In 
either case, the aerobot is encased inside its own aeroshell for atmospheric entry. 
Following launch in December 2020 or January 2021 (Figure 1, Panel 1), the spacecraft 
enters a direct trajectory to Mars. During cruise, the aerobot is dormant except for 
periodic health-check wakeups commanded by the cruise stage electronics. 

At Mars arrival in August 2021, the capsule intersects the atmosphere at polar 
latitudes. The capsule decelerates using an ablative heat shield until it achieves terminal 
velocity in the vertical direction and mean atmospheric velocities in the horizontal 
direction. At this point, a parachute is deployed to further slow the aerobot down until it 
can deploy its balloon from a pressurised hydrogen bottle. The bottle is then dropped and 
the aerobot allowed to descend until it reaches equilibrium at a low altitude over the 
northern PLD. 
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Figure 1 HYPATIA mission profile (see online version for colours) 

 

Notes: Beginning with launch and cruise (1), the atmospheric entry capsule (triangle) 
separates from the cruise stage (2) prior to atmospheric EDI (3). During flight 
(4A), the vehicle takes images of the polar terrain and atmospheric measurements 
before uplinking the data to an orbiter (4B), which then relays it back to Earth 
(4C). Meanwhile, the balloon vehicle conducts its own autonomous landings with 
the help of a high-friction ribbon on the ice, using water electrolysis to replenish 
its supply of hydrogen lifting gas (5). 
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The aerobot begins its mission near the north pole and travels with the katabatic wind, 
stopping at each equator-facing spiral trough. It descends by venting some of its lifting 
gas, to the point where the gondola can grip the ice with the assistance of a high-friction 
rubber ribbon. The gondola carries a thermal drill to bite into the ice and sublimate it in 
the low atmospheric pressure, at which point the water vapour self-pressurises and 
condenses inside the gondola. The liquid water is fed into the electrolysis stack, where it 
is split into hydrogen and oxygen. The oxygen is vented, and the hydrogen is pumped 
into the balloon envelope where it replaces the gas lost during the descent. During this 
process any dissolved species in the water are analysed, perhaps with a small 
spectrometer. The science payload is further enhanced with instruments for atmospheric 
readings and imaging the polar surface during flight. 

Meanwhile, the data is relayed back to Earth via one of the existing Mars orbiters or a 
dedicated communications relay satellite with an inclination high enough to establish 
line-of-sight with HYPATIA. 

3.2 Entry, descent, and inflation 

The launch dates are determined by the Earth-Mars launch windows and the dates of the 
summer solstices on Mars. The summer solstices do not always coincide with the arrival 
dates associated with Hohmann trajectories between Earth and Mars, so in many cases a 
non-optimum trajectory will have to be chosen. The low mass of the spacecraft permits 
departure and arrival at high C3 with a relatively small launch vehicle, while also 
permitting early atmospheric deceleration with existing entry capsules. 

As Hall et al. (2007) showed, successful atmospheric inflation depends on the vehicle 
being able to decelerate to 25 m s–1 or less from an entry velocity of 7 km s–1 or higher, 
before it goes below 1 km from the surface. The low aerobot mass and the low elevation 
(–2 km MOLA) of the target destination provide large margins for entry and descent 
performance. For reference, a 2.65-metre capsule can land a maximum of 350 kg at  
–2 km (Manning and Adler, 2005). This capsule diameter was used for Phoenix and 
Pathfinder. 

A 17-metre supersonic parachute is assumed to slow down the package prior to 
inflation, trailing behind the package by at least 80 metres to avoid flagging motions and 
wake-induced parachute collapse. A pressurised bottle is attached to the bottom of the 
gondola, containing enough compressed hydrogen gas to fill the envelope. Previous work 
indicates that the needed amount of hydrogen can be stored in a 18 kg bottle at 525 bar, 
for an extended period of time without losses (Klell, 2015). During the inflation phase, 
the hydrogen is valved into the tether and envelope at an increasing flow rate, to avoid 
ripping the envelope. The bottle is then dropped and the balloon left to reach its 
equilibrium altitude (Hall et al., 2007). 

3.3 Timeline 

The timeline is bookended by the crocus date, the date when the last of the CO2 
sublimates at a particular latitude, at the start and by declining sunlight at the end, though 
an extended mission might be possible, depending on how quickly the balloon travels to 
lower latitudes. Near the pole, the crocus date is LS = 95° (Aharonson et al., 2004). This 
date is after the summer solstice (LS = 90°, 25 August 2021), when the solar flux is at its 
peak and the sun is above the horizon throughout the day (Cantor et al., 2010). As the 
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mission continues towards autumnal equinox at LS = 180°, the minimum solar insolation 
will decline until the sun begins to dip below the horizon. 

In order to simulate the solar insolation at the northern PLD as a function of time, an 
implementation of the NASA Goddard Sunclock Algorithm (Mars24 Algorithm and 
Worked Examples, 2014) was prepared in MATLAB. It also took in account the optical 
depth of the atmosphere at low solar elevation. The results showed that solar insolation 
varies on a vertical plate between 210 and 275 W m–2 during the day at the summer 
solstice at 85° N. At 80° N, the date at when the sun crosses the horizon was found to be 
before January 1, 2022, with a maximum insolation of 260 W m–2. The total duration for 
the mission is baselined at 90 sols, with an absolute maximum of 126 sols, without 
assuming significant progress to lower latitudes south of the margin of the NPLD. 

3.4 Buoyancy, flight and landing 

For propulsion, the aerobot relies upon the katabatic wind, which flows perpendicular to 
the spiral troughs in the NPLD (Howard, 2000). On the average, the direction of this 
wind is constant from year to year, based on observed wind streaks, and provides a 
relatively predictable horizontal path for the aerobot until it crosses south of 80° N. The 
known wind streak directions are shown in Figure 1 from Howard (2000). 

For the vertical component of the flight path, buoyancy control is achieved by venting 
gas. At the atmospheric molar mass of 43.34 g/mol (NSSDC, 2015) and air temperature 
of 205 K (Mischna and Richardson, 2005), the local scale height was calculated to be 
10.6 km. 

The mission would begin at the higher parts of the NPLD, at about –2 km MOLA. At 
this point, the atmospheric pressure was estimated to be 737 Pa, based on the datum 
pressure of 610 Pa. At the NPLD rim at –4 km, the pressure increases to 890 Pa. To  
float near the ground at the increased atmospheric density, the vehicle will also need  
to slightly increase the density of its lifting envelope. This can be done in one of two 
ways – contracting the envelope or introducing small amounts of CO2 into the envelope. 
A thorough analysis of these options is beyond the scope of this paper. 

The molar mass for hydrogen (2.00 g/mol), is 3.32 × 10–27 kg. Using the ideal gas 
law, which is a good approximation at ambient Martian pressure, the hydrogen density 
was found to be 8.65 × 10–4 kg m–3. As an initial estimate, the bulk mass mB of the 
balloon is found from the density of the gases and the volume of atmosphere that the 
balloon displaces [equation (1)], using the known atmospheric density (NSSDC, 2015), 
corrected for –2 km altitude. 

2 2
B

CO H
B

m ρ ρ
V

= −  (1) 

A detailed estimate of the total balloon mass is given in Table 1 (Section 5.1). At 17 kg, 
the lifting gas volume is 739 m3, using about 630 grams of hydrogen. 

Landing is handled with a rubber ribbon trailing off the gondola that is dragged along 
the ice to slow the vehicle down to the point where the gondola makes contact with the 
surface. At 200 K, the friction force between smooth rubber and ice is relatively high 
(Roberts, 1981). 
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3.5 Surface operations 

As described in Section 5.7, the solar panels are mounted on the tether instead of the 
gondola. The envelope retains sufficient gas to remain aloft during surface operations. 
This has the added benefit of conserving lift gas and reducing the amount of water to be 
obtained at each site. 

Water is procured from the ice with a short electrothermal drill that penetrates several 
centimetres into the ice. Water ice sublimates below the triple point, so handling of liquid 
and solids is not necessary. The mass of the electrothermal drill is baselined on  
the NanoDrill from Honeybee Robotics (NanoDrill, 2015), which masses 1 kg. The 
NanoDrill relies on percussion for its operation, so the relevant mechanisms can be 
removed for the ET drill, lowering its mass even further. Both drills have a sliding 
mechanism to lower the bit during operation and raise it when not in use. 

When the electrothermal drill bites into the ice, an enclosed volume is created inside 
the gondola, allowing the partial pressure to increase as more water is sublimated, to the 
point where liquid water forms and trickles into the electrolysis stack. The water is then 
sent through a deionisation membrane and electrolysed into hydrogen and oxygen. The 
oxygen gas is vented while the hydrogen is sent up the tether and into the envelope, 
propelled by positive pressure from the electrolysis cell. An analysis of the needed partial 
pressures and power requirements is given in Section 5.3. 

At takeoff, the ice-contacting surfaces are reheated to de-adhere from the ice. The 
force to release the aerobot is provided by the katabatic wind, with the balloon acting as a 
sail. 

3.6 Communications scheme 

The gondola is too small to mount a directional antenna, so all communications with the 
ground station takes place through a low-gain whip antenna (two for redundancy) with a 
sun-synchronous orbiter acting as a relay. Mars Reconnaissance Orbiter is in the right 
orbit for this purpose (Long et al., 2007). 

4 Mission risks and mitigation strategies 

4.1 Long lifetime requirement compared to CubeSats 

The design of a Mars balloon aerobot forces the gondola mass to be kept to a minimum, 
which requires the elimination of many redundancies that would otherwise make the 
vehicle more fault-tolerant. The gondola would be designed in a similar way to how 
CubeSats are designed, but for a lifetime of up to two years (eight to ten months in transit 
and three to six months on Mars). CubeSats are known for their short design lifetime of a 
few months, but there are strategies that can be employed to extend the life of the 
gondola at little additional cost (Frazier et al., 2013). 

During the cruise phase of the mission, the payload will be largely switched off. For 
the Mars phase of the mission, the gondola can be expected to survive past its design 
lifetime, based on prior experience with CubeSats greatly exceeding their lifetime 
expectations. 
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4.2 Katabatic wind and terrain 

As a balloon aerobot, HYPATIA is dependent on the speed and direction of the polar 
katabatic winds. The additional requirement to repeatedly land on the surface demands 
that the terrain be relatively flat to minimise hazards, and that the wind speed not exceed 
the limitations the vehicle is designed for. 

SHARAD radar altimetry of the polar surface has shown that the slopes of the spiral 
troughs generally do not exceed 15° from the horizontal on the downwind side and 1° on 
the upwind side (Herny et al., 2014). Flow models of the troughs estimate the katabatic 
wind at 6 to 12 m s–1 at a flow height of 275 to 424 m (Smith et al., 2013). 

When the gondola is on the ice, there is a risk of the balloon being blown further 
away from the gondola and closer to the surface at higher wind speeds, where it could 
adhere to the ice. Placing the gondola on only the equatorial-facing slopes mitigates this 
risk, since they are down the wind and steeper than the upwind, pole-facing slopes. The 
troughs are a few hundred meters deep, spaced a few kilometres apart, so this positioning 
is not expected to pose a risk. 

5 Aerobot 

5.1 Driving requirements 

The aerobot has several mission requirements that drive its design. At the highest level, it 
shall have: 

1 the ability to survive a cruise of up to ten months (imposed on all subsystems and 
partially the responsibility of the cruise stage) 

2 the ability to survive entry into the Martian atmosphere 

3 the ability to deploy its balloon without tangling the lines or ripping the envelope 
material 

4 the ability to hold hydrogen gas inside its envelope during flight and provide a 
suitable environment for liquid water inside the same envelope during surface 
operations 

5 the ability to keep the balloon inflated and aloft while the gondola is on the ice 

6 the ability to communicate with Earth via an orbiting relay at low data rates 

7 the ability to detect terrain during flight and make decisions about when to land 
independently of the ground control team 

8 the ability to grip the ice and secure itself for melting and electrolysis 

9 the ability to image the terrain in the visible and infrared spectra, and take 
atmospheric readings 

10 the ability to sublimate ice and analyse the vapour with an instrument sensitive to 
different isotopologues of water. 
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The data rate in requirement 6 depends on the size and resolution of the images taken 
with the nadir imager (Section 5.4). The spectrometer has a much lower data rate and is 
used while the imager is dormant, so it does not dominate the communication 
requirements. 

The potential design of a balloon envelope satisfying requirements 3–5 is presented in 
Sections 5.2–5.3. The design of a gondola satisfying requirements 6–10 is provided in 
Sections 5.4–5.9. The subsystems of the aerobot are summarised in Table 1. 
Table 1 Mass and power allocations on the aerobot 

Subsystem Mass (g) Volume (cm3) Peak power (W) Energy (W-hr) 

Avionics (2)1 1,098 320 10.8 259.2 
Science2 1,476 1,187.32 7.57 44.8 
Communications3 70 10 3 18 (at 3 W) 

1.8 (at 300 mW) 
0.6 (at 100 mW) 
0.3 (at 50 mW) 

WEC stack4 300 253 5 5 
ET drill5 1,050 754 7 7 
Tether 1,400 600 N/A N/A 
Anchor ribbon 190 200 5 0.002 
Thermal control 500 500 5 120 
Power 4,039 6,505.4 N/A N/A 
Gondola structure 1,300 465 N/A N/A 
Gas envelope 3,600 N/A  

(much larger 
than gondola) 

N/A N/A 

MARGIN (15%) 2,253.45 1,619.208 6.5055 68.1003 

TOTAL 17,276.45 12,413.928 49.8755 522.1023 

Notes: 1RAD750 3U (2015) 
2Table 2 
3Assuming 25% duty cycle (15-minute orbital passes once every hour) 
4Tethers Unlimited HYDROS custom electrolysis cell (personal communication,  
4 October 2015) 
5Based on Honeybee Robotics NanoDrill (Zacny et al., 2013) 

5.2 Gas envelope 

The prospective envelope design is a sphere. Mylar was chosen for the envelope material 
for its high elastic modulus, ability to support a metallic coating and ability to withstand 
temperatures down to 203 K without degradation. It has a density of 1.39 g cm–3 (Mylar, 
2015). Gas is released through a lightweight radio-controlled top vent developed at JPL 
(Jones et al., 1998). With a 1/4-mil sheet of Mylar (areal density of 8.9 g m–2) and a  
100-nm aluminium coating (0.3 g m–2), an 11-m diameter envelope masses 3.6 kg. A 
metallised coating was assumed in order to reduce gas permeability and ultraviolet 
exposure. 
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5.3 Lifting gas procurement 

The viability of this mission depends on the ability to maintain water as a liquid inside 
the gondola despite ambient conditions. This is due to the present state of the art of water 
electrolysis. A custom electrolysis cell has been tested at Tethers Unlimited and requires 
its feedstock to be pure deionised liquid water (Hoyt, 2015). It measures 85 by 85 by  
35 mm and uses 5 W of power. 

Since the balloon remains inflated at all times, with descent controlled by small 
leakages of gas, only a small amount of hydrogen needs to be replenished at each site. 
For a baseline amount of 1 gram, 9 grams of water must be mined. At the extremely low 
partial pressures on Mars, water ice undergoes sublimation instead of melting. Assuming 
an enthalpy of sublimation of 51 kJ mol–1 (Chevrier and Rivera-Valentin, 2014), it takes 
25.5 kJ to sublimate 9 grams of ice. Losses due to heat conduction in the surrounding ice 
will increase this figure, but the efficiency of this process can be maximised by using 
pulses of intense heat to quickly sublimate the ice before the heat is conducted away. This 
energy can be delivered at 7 W-hr for one hour, or less at longer drilling times. 

A condensation cavity just above the drill and spectrometer, insulated and maintained 
at above 273 K during the water procurement periods, allows the vapour to gather and 
self-pressurise when the drill is in the ice. The limited enclosed volume ensures that the 
partial pressure quickly surpasses the triple point with a few moles of water. 

The abovementioned electrolysis cell provides 10.5 cubic centimetres per minute  
of H2 at 5 W, enough to supply 1 gram in 5 microseconds. It is at TRL 5-6, so a  
flight-qualified unit can be prepared in time for the 2020 launch. 

5.4 Tether 

The tether serves several purposes. Firstly, it holds the envelope and gondola together. 
Secondly, it is a conduit for hydrogen gas to travel up into the envelope. Finally, it 
supports the suspended solar panels and lightweight instruments along its length and 
distributes power between them and the gondola. A possible design is shown in Figure 2, 
with the gas conduit inside the tether. 

Figure 2 (a) Cross-sectional and (b) lengthwise views of tether 

 
 (a) (b) 
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Parallel aluminium wires were assumed for redundancy and to minimise resistance 
losses, but even with a single thin wire, the resistance was found to be negligible. 
Dyneema was chosen as the tether material for its light weight and high tensile strength, 
minimising the amount of material used (Marissen, 2011). At a density of 0.975 g/cm3, a 
20-metre tether weighs about 1,400 g. 

5.5 Scientific instruments 

Several potential instruments may be considered for placement on the gondola and tether, 
based on existing and near-term hardware. They are given in Table 2. The air temperature 
and wind velocity sensors are of low mass and particularly sensitive to heating from the 
gondola. They are placed on the tether to avoid any heat sources and air-flow interference 
from the gondola. Multiple sensors along the tether establish a temperature and velocity 
profile with height. 
Table 2 Payload instruments 

Payload Mass (g) Volume (cm3) Idle/peak 
power (W) 

Energy  
(W-hr) 

Air temperature sensor (2)1 30 2 0/0.02 0.48 
Wind velocity sensor (2)2 30 2 0/0.02 0.48 
Pressure sensor3 35 53.04 0/0.015 0.036 
Relative humidity sensor4 15 40 0/0.015 0.036 
Ground temperature sensor5 20 21.28 0/0.00025 0.0006 
Tunable laser spectrometer6 1,000 700 0/0.75 1.8 
Nadir imager w/ optics7 346 369 1.75/2.5 42 

TOTAL 1,476 1,187.32 1.75/3.3 44.8326 

Notes: Specifications given are minimum achievable based on: 
1air temperature sensors (Crisp et al., 1995) 
2anemometers (comparable technology to air temperature sensors) 
3MSL pressure sensor (Centro de Astrobiologia, 2015) 
4MSL REMS humidity sensor (Centro de Astrobiologia, 2015) 
5MSL REMS ground temperature sensor (Gomez-Elvira et al., 2012) 
6Rafkin et al. (2015) 
7MSSS ECAM-C50 with wide-angle optics (Malin Space Science Systems, 2010a). 

The data sampling strategy to be used is similar to that in a micro weather station 
proposal (Crisp et al., 1995). The air temperature and wind velocity would be sampled at 
1 Hz because of their importance to the continued function of the balloon, with the other 
qualities being sampled less frequently. For the energy column in Table 2, the duty cycles 
for the TLS, pressure, humidity, and ground temperature sensors was assumed to be 10%. 
The energy figure for the imager used a 100% duty cycle at idle power, under the 
assumption that this instrument would only reach its peak power when commanded to. 

Tunable laser spectrometry (TLS) can be resolution-tuned to specific species in a 
sample, and offers non-destructive analysis unlike mass spectrometry. It would be 
primarily used to detect deuterium/hydrogen ratios in water (in the form of HDO/H2O). 
Based on SAM-TLS, HDO at natural environmental levels on Mars corresponds to a  
3–7% signal and needs resolution of better than 0.025 cm–1 at 3,594 cm–1. Recent 
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advances in TLS suggest a 1-kg device consuming 750 mW of power (Rafkin et al., 
2015). 

5.6 Gondola structure 

The gondola structure is determined by several requirements: 

• maintain the operational and structural integrity of the payload during flight 

• protect the payload from impacts at a few m s–1 

• keep the gondola upright during surface operations at low slope grades 

• withstand parachute and balloon opening shocks 

• hold and release the hydrogen inflation bottle during and after EDI 

• take up no more than 25% of the payload mass. 

These requirements can be fulfilled with an aluminium isogrid and carbon fibre bridle. 
Hollow aluminium tubes are provided for the support members and skids, to save mass 
and to protect major electrical wires. A prospective design is shown in Figure 3. 

Figure 3 Prospective design and location for gondola (with instruments) (see online version  
for colours) 

 

As modelled, the gondola is 37 cm long, 16 cm wide, and 17 cm tall (not including the 
carbon fibre bridle which would connect it to the tether). With aluminum-6061 
construction, the structure masses approximately 1,300 g. 
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5.7 Power subsystem 

At local summer at 80–90° N, the sun is no higher than 25° from the horizon and will 
appear to revolve 360 degrees around the sky over a sol. This, in addition to winds, 
mandates the use of omnidirectional solar panels instead of lighter tracking arrays. 

The solar panels are mounted on the tether. Tether mounting allows more solar panels 
to be added and there is no risk of obstruction or damage due to terrain. This frees up the 
gondola for optimisation in other directions. As modelled, an aluminium frame can mass 
928 g for six solar panels arranged in an outward hexagonal pattern (Figure 4). Each 
panel has 970.5 cm2 of area. Assuming 1.76 kg m–2 for triple-junction panels (Spectrolab, 
2014), the total solar panel mass is 1,024.8 grams on one frame. This setup is capable of 
outputting 10 W in 210 W m–2 of illumination at 28% efficiency, regardless of solar 
azimuth. Two solar arrays were baselined to provide margin, at a total mass of 3.9 kg. 

Figure 4 Prospective design and locations for tether-mounted solar panel arrays (see online 
version for colours) 

 

Note: Guy lines not shown. 

Two of the solar arrays described above can provide 20 W at minimum. To provide for 
unexpected blackouts and higher power usages, a 20 W-hr lithium polymer battery  
(~150 W-hr kg–1) was chosen for at least the computers and a few other functions. The 
battery mass is 133 g (Clyde, 2015). 

5.8 Thermal control subsystem 

The thermal control subsystem must keep the temperature-sensitive payload within their 
operating temperatures, with radiative heating of 200 W m–2 or above from the sun and 
convective cooling from the katabatic wind at the ambient atmospheric temperature of 
around 205 K. The solar panels and tether instruments are physically separate from the 
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gondola and do not need to be heated. The antennas are on the gondola but do not require 
heating. 

In particular, the avionics, imager electronics, and spectrometer need to be kept above 
243 K and the electrolysis cell above 273 K (Table 3). A warm electronics box consisting 
of several layers of Mylar with vacuum-deposited gold is sufficient to keep these 
instruments and the flight computer within their operating temperatures, with the possible 
addition of electric heaters. 
Table 3 Typical temperature ranges of spacecraft components 

Component 
Allowable flight temperatures (K) 

Operational Survival 
RAD750 computer 218 to 343 - 
Solar panels 123 to 383 73 to 403 
Antennas 173 to 373 153 to 393 
Nadir imager* 243 to 313 - 
Spectrometer Unknown (assumed similar to imager) - 
WEC** > 273 - 
Condensation cavity** > 273 - 

Notes: * Malin Space Science Systems (2015b) 
**Needs liquid water to function 

Source: Larson and Wertz (1999, p.428) 

5.9 Communications, control, command and data handling 

For a Mars balloon mission, the mass and data rates of the communications hardware are 
severely restricted. The descent imager, at 5 megapixels per image, will dominate 
communications and data handling requirements. Micro-transceivers have been 
introduced that mass less than 50 g, measure 10 cm3, and consume less than 1 W of 
power (Kuhn et al., 2007). They are cold- and radiation-tolerant, allowing them to be 
placed outside warm-electronics boxes and shielding. 

At polar latitudes, overpasses by the Mars Reconnaissance Orbiter are frequent but 
low in the sky (Long, 2007). For this particular micro-transceiver, commands can be 
received at 2 or 8 kbps and science data transmitted at 100 kbps at 1 W, as long as the 
orbiter is high in the sky. At this rate, a 20-Mb photograph from the nadir imager can be 
transmitted in 3.3 minutes, assuming a typical compression of 4 bits per pixel 
(subframing each photograph down to 1024 by 1024 pixels would reduce the file size to  
4 Mb). The more likely data rates are lower at higher slant angles. 

2 Gb of flash memory is sufficient to hold 100 20-Mb images with no power 
consumption. The MSL RAD750-3U board with the above modification is baselined for 
the avionics suite, with two units for redundancy. 

6 Discussion 

As discussed in the previous sections, a hopping balloon vehicle has the potential to 
efficiently explore the exposed ice layers in the NPLD spiral troughs in one launch and at 
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very low mass. The low mass of the proposed vehicle opens up the possibility of sending 
several similar vehicles to the NPLD in one launch, each in their own atmospheric entry 
capsule. While each aerobot takes up very little of the internal volume of a 2.65-metre 
capsule, packing more than one aerobot inside a single capsule is inadvisable due to EDI 
complications (such as the risk of parachute lines tangling). Smaller heat-shield diameters 
may reduce the volume that each capsule takes up inside the fairing of the launch vehicle, 
at the cost of increased ballistic coefficients. A multiple-aerobot strategy, besides 
providing redundancy, would enable a more complete exploration of the NPLD along 
several routes with the local katabatic winds. 

7 Conclusions 

A mission design was presented that would allow the long-range mobility of a scientific 
payload on Mars in the 2021 timeframe. Such a probe would advance our understanding 
of the climate history of the Martian atmosphere as recorded in the polar ice layers, and 
represents a specialised niche in which balloons are the ideal choice for achieving a 
planetary exploration objective. The proposed design masses less than 20 kg, making it 
relatively easy to float in the Martian atmosphere, and to decelerate in the upper 
atmosphere prior to deploying the balloon. 

The current state of the art of TLS can be integrated into the presented design, with 
some miniaturisation. All other instruments and avionics are available to be flown on this 
mission in their present SOA. The 2021 timeframe presents some challenge, but this 
proposal does not demand radical technological advancements to become a reality. 

References 
Aharonson, O., Zuber, M., Smith, D., Neumann, G., Feldman, W., Prettyman, T. (2004) ‘Depth, 

distribution, and density of CO2 deposition on Mars’, Journal of Geophysical Research,  
Vol. 109, No. E5, doi:10.1029/2003JE002223. 

Cantor, B., James, P. and Calvin, W. (2010) ‘MARCI and MOC observations of the atmosphere 
and surface cap in the north polar region of Mars’, Icarus, Vol. 208, No. 1, pp.61–81. 

Centro de Astrobiologia (2015) MSL Rover Environmental Monitoring Station [online] 
https://cab.inta-csic.es/rems/intrument-description/ (accessed 9 November 2015). 

Chevrier, V.F. and Rivera-Valentin, E.G. (2014) ‘Regolith-atmosphere water vapor transfer  
on Mars: comparison between Phoenix TECP and MSL REMS data’, Eighth International 
Conference on Mars. 

Clancey, W.J. (2012) Working on Mars: Voyages of Scientific Discovery with the Mars Exploration 
Rovers, MIT Press, Cambridge, MA. 

Clyde (2015) Clyde Space Spacecraft Batteries [online] http://www.clyde-space.com/products/ 
spacecraft_batteries (accessed 12 November 2015). 

Crisp, D., Kaiser, W., Van Zandt, T., Hoenk, M. and Tillman, J. (1995) ‘Micro weather stations for 
Mars’, Acta Astronautica, Vol. 35, Supplement 1, pp.407–415. 

Fishbaugh, K. and Head, J. (2001) ‘Comparison of the north and south polar caps on Mars:  
new observations from MOLA data and discussion of some outstanding questions’, Icarus, 
Vol. 154, No. 1, pp.145–161, doi:10.1006/icar.2001.6666. 

Frazier, W., Rohrschneider, R. and Verzuh, M. (2013) ‘Cubesat strategies for long-life missions’, 
Low Cost Planetary Mission Conference, 18–20 June, Pasadena, CA. 

 



   

 

   

   
 

   

   

 

   

   358 E.M. Shear and J.E. Moores    
 

    
 
 

   

   
 

   

   

 

   

       
 

Gomez-Elvira, J., Armiens, C., Castaner, L., Dominguez, M., Genzer, M., Gomez, F.,  
Haberle, R., Harri, A., Jimenez, V., Kahanpaa, H., Kowalski, L., Lepinette, A., Martin, J., 
Martinez-Frias, J., McEwan, I., Mora, L., Moreno, J., Navarro, S., de Pablo, M.A.,  
Peinado, V., Pena, A., Polkko, J., Ramos, M., Renno, N.O., Ricart, J., Richardson, M., 
Rodrieguez-Manfredi, J., Romeral, J., Sebastian, E., Serrano, J., de la Torre Juarez, M., 
Torres, J., Torrero, F., Urqui, R., Vazquez, L., Velasco, T., Verdasca, J., Zorzano, M. and  
Martin-Torres, J. (2012) ‘REMS: the environmental sensor suite for the Mars  
science laboratory rover’, Space Science Review, Vol. 170, Nos. 1–4, pp.583–640, 
doi:10.1007/s11214-012-9921-1. 

Hall, J., Pauken, M., Kerzhanovich, V., Walsh, G., Fairbrother, D., Shreves, C. and  
Lachenmeier, T. (2007) ‘Flight test results for aerially deployed Mars balloons’, AIAA Balloon 
Systems Conference, 21–24 May 2007. 

Hansen, C.J., Byrne, S., Portyankina, G., Bourke, M., Dundas, C., McEwan, A., Mellon, M., 
Pommerol, A. and Thomas, N. (2013) ‘Observations of the northern seasonal polar cap on 
Mars: I. Spring sublimation activity and processes’, Icarus, Vol. 225, No. 2, pp.881–897, 
doi:10.1016/j.icarus.2012.09.024. 

Herny, C., Masse, M., Bourgeois, O., Carpy, S., Le Mouelic, S., Appere, T., Smith, I., Spiga, A. 
and Rodriguez, S. (2014) ‘Sedimentation waves on the Martian north polar cap: analogy with 
megadunes in Antarctica’, Earth and Planetary Science Letters, Vol. 403, pp.56–66. 

Holt, J.W., Fishbaugh, K.E., Byrne, S., Christian, S., Tanaka, K., Russell, P.S., Herkenhoff, K.E., 
Safaeinili, A., Putzig, N.E. and Phillips, R.J. (2010) ‘The construction of Chasma Boreale on 
Mars’, Nature, Vol. 465, No. 7297, pp.446–449, doi:10.1038/nature09050. 

Howard, A. (2000) ‘The role of eolian processes in forming surface features of the Martian polar 
layered deposits’, Icarus, Vol. 144, No. 2, pp.267–288, doi:10.1006/icar.1999.6305. 

Jones, J., Saunders, S., Blamont, J. and Yavrouian, A. (1998) ‘Balloons for controlled 
roving/landing on Mars’, IAA Third International Conference on Low-Cost Planetary 
Missions, California Institute of Technology, 27 April to 1 May 1998. 

Klell, M. (2015) Storage of Hydrogen in the Pure Form [online] http://www.wiley-vch.de/books/ 
sample/3527322736_c01.pdf (accessed 12 November 2015). 

Kuhn, W., Lay, N., Grigorian, E., Nobbe, D., Kuperman, I., Jeon, J., Wong, K., Tugnawat, Y. and 
He, X. (2007) ‘A microtransceiver for UHF proximity links including Mars surface-to-orbit 
applications’, Proceedings of the IEEE, Vol. 95, No. 10, October, doi:10.1109/jproc.2007. 
905092. 

Larson, W. and Wertz, J. (1999) Space Mission Analysis and Design, 3rd ed., Microcosm Press,  
El Segundo, CA, USA. 

Levrard, B., Forget, F., Montmessin, F. and Laskar, J. (2004) ‘Recent ice-rich deposits formed at 
high latitudes on Mars by sublimation of unstable equatorial ice during low obliquity’, Nature, 
Vol. 431, No. 7012, pp.1072–1075. 

Long, S.M., You, T., Halsell, C.A., Bhat, R.S., Demcak, S.W., Graat, E.J., Higa, E.S.,  
Highsmith, D.E., Mottinger, N.A. and Jah, M.K. (2007) Mars Reconnaissance Orbiter 
Aerobraking Daily Operations and Collision Avoidance, Jet Propulsion Laboratory [online] 
http://issfd.org/ISSFD_2007/3-3.pdf (accessed 16 November 2015). 

Malin Space Science Systems (2010a) ECAM – C50 [online] http://www.msss.com/brochures/ 
ecam-c50.pdf (accessed 7 August 2015). 

Malin Space Science Systems (2010b) ECAM Optics [online] http://www.msss.com/brochures/ 
xfov.pdf (accessed 7 August 2015). 

Manning, R. and Adler, M. (2005) ‘Landing on Mars’, AIAA Space 2005 Conference, September, 
AIAA-2005-6742, Long Beach, California. 

Marissen, R. (2011) ‘Design with ultra-strong polyethylene fibers’, Materials Sciences and 
Applications, Vol. 2, No. 5, pp.319–330, doi:10.4236/msa.2011.25042. 

Mars24 Algorithm and Worked Examples (2014) NASA Goddard Institute for Space Studies 
[online] http://www.giss.nasa.gov/tools/mars24/help/algorithm.html (accessed 10 June 2014). 



   

 

   

   
 

   

   

 

   

    Hydrolysed polar terrain ice aerobot mission platform 359    
 

    
 
 

   

   
 

   

   

 

   

       
 

McEwen, A. et al. (2007) ‘Mars reconnaissance orbiter’s high resolution imaging  
science experiment (HiRISE)’, J. Geophys. Res., Vol. 112, No. E5, E05S02, doi: 
10.1029/2005JE002605. 

Mischna, M. and Richardson, M. (2005) ‘A reanalysis of water abundance in the Martian 
atmosphere at high obliquity’, Geophysical Research Letters, Vol. 32, No. 3. 

Moores, J.E., Brown, R.H., Lauretta, D.S. and Smith, P.H. (2012) ‘Experimental and theoretical 
simulation of sublimating dusty water ice with implications for D/H ratios of water ice on 
comets and Mars’, Planetary Science, doi:10.1186/2191-2521-1-2. 

Mousis, O. et al. (2012) ‘Volatile trapping in Martian clathrates’, Springer Space Science Review, 
Vol. 174, Nos. 1–4, pp.213–250, doi:10.1007/s11214-012-9942-9. 

Mylar (2015) Mylar Polyster Film Physical and Thermal Properties [online] 
http://usa.dupontteijinfilms.com/informationcenter/downloads/Physical_And_Thermal_Proper
ties.pdf (accessed 3 November 2015). 

NanoDrill (2015) Honeybee Robotics [online] [online] http://www.honeybeerobotics.com/ 
portfolio/nano-drill/ (accessed 25 August 2015). 

NSSDC (2015) NSSDC Mars Fact Sheet [online] http://nssdc.gsfc.nasa.gov/planetary/factsheet/ 
marsfact.html (accessed 15 September 2015). 

Preston, R.A., Hildebrand, C.E., Purcell, G.H., Ellis, J., Stelzried, C.T., Finley, S.G., Sagdeev, R.Z., 
Linkin, V.M., Kerzhanovich, V., Altunin, V., Kogan, L., Kostenko, V., Matveenko, L., 
Pogrebenko, S., Strukov, I., Akim, E., Alexandrov, Y., Armand, N., Bakitko, R., Vyshlov, A., 
Bogomolov, A., Gorchankov, Y., Selivanov, A., Ivanov, N., Tichonov, V., Blamont, J.,  
Boloh, L., Laurans, G., Boischot, A., Biraud, F., Ortega-Molina, A., Rosolen, C., Petit, G. 
(1986) ‘Determination of Venus winds by ground-based radio tracking of the VEGA 
balloons’, Science, Vol. 231, No. 4744, pp.1414–1416, 21 March 1986. 

RAD750 3U (2015) BAE Systems [online] http://www.baesystems.com/download/BAES_052279/ 
Space-Products--RAD750-3U-cPCI (accessed 19 August 2015). 

Rafkin, S.C., Nowicki, K., Silver, J. and Stanton, A. (2015) ‘A multi-channel tunable laser 
spectrometer for in-situ measurement of planetary atmospheres’, Abstract for 11th Low Cost 
Planetary Missions Conference, 9–11 June 2015, Berlin, Germany. 

Roberts, A.D. (1981) ‘Rubber-ice adhesion and friction’, The Journal of Adhesion, Vol. 13, No. 1, 
pp.77–86. 

Smith, I., Holt, J., Spiga, A., Howard, A. and Parker, G. (2013) ‘The northern spiral troughs  
of Mars as cyclic steps’, Journal of Geophysical Research: Planets, Vol. 118, No. 9, pp.1–23, 
doi:10.1002/jgre.20142. 

Spectrolab (2014) Spectrolab Photovoltaic Products, 28.3% UTJ Solar Cells [online] 
http://www.spectrolab.com/DataSheets/TNJCell/utj3.pdf (accessed 15 September 2015). 

Wolf, A., Beegle, L., Raymond, C., Plaut, J., Pollard, B., Gim, Y., Wu, X. and Hall, J. (2012) ‘Mars 
balloon science’, Concepts and Approaches for Mars Exploration, Abstract #4294, Lunar and 
Planetary Institute, Houston, TX. 

Zacny, K., Hedlund, M., Matthews, J., Szwarc, T., Paulsen, G., Spring, J., Zarzhitsky, D., Indyk, S., 
Chu, P., Osborne, L. and Nesnas, I. (2013) ‘Axel rover nanodrill and powderdrill: acquisition 
of cores, regolith and powder from steep walls’, IEEE Aerospace Conference, Big Sky, MT, 
IEEE, 978-1-4673-1813-6/13. 


