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By the time of this writing, Curiosity, the Mars Science Laboratory (MSL) Rover, has 
weathered four seasons in Gale Crater, just south of and approaching the foothills of the 5-
km high Aeolis Mons, known as “Mount Sharp,” at 4.59º south latitude.  The mission design 
included a much broader latitude range of 30º north to 30º south constraining some of the 
Rover environmental requirements and operations. To date, Curiosity has relayed over 150 
MB of thermal telemetry. Curiosity has relayed over 150 MB of thermal telemetry through 
four seasons. The trends and idiosyncrasies revealed through four seasons of telemetry from 
Mars are discussed. The better-characterized thermal environment allows for less 
conservatism in operational models and increases the amount of science data collection.  
Examples include: the elimination of overheating concerns for some cameras and the use of 
the previous sol’s temperature telemetry along with the conservative soak temperature curve 
from the winter thermal model, to produce a custom heating prescription for the upcoming 
weeks thus increasing operation time and reducing heating times. This paper discusses the 
lessons learned for Rover operation as well as general idiosyncrasies discovered about the 
local environment—such as the effect of orientation on subsystem temperature variation, a 
regular morning and afternoon wind, ground and air microclimates with distinct 
temperature differences from other terrain, and how the Rover affects the local 
environment. This paper further documents and explains some of the interesting highs and 
lows of the temperature telemetry data as well as offers explanations for sudden temperature 
changes on board the Rover. 

Nomenclature 
AFT = Allowable Flight Temperature 
ATLO = Assembly, Test, and Launch Operations 
APXS = Alpha Particle X-Ray Spectrometer 
CCBU  = ChemCam Body Unit 
CCMU = ChemCam Mast Unit 
CFC-11 = Trichloromonofluoromethane (Refrigerant 11) 
ChemCam= Chemistry and Camera Instrument 
CheMin  = Chemistry and Mineralogy Instrument 
CHIMRA  = Collection and Handling for In-situ Martian Rock Analysis 
CO2  = Carbon Dioxide Gas 
CTE  = Coefficient of Thermal Expansion 
DAN = Dynamic Albedo of Neutrons Instrument 
DRT = Dirt Removal Tool 
dt = Time Step 
DTE = Direct to Earth 
HRS = Heat Rejection System 
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IT = Information Technology 
FSW = Flight Software 
GCM = Global Circulation Model 
LMST = Local Mean Solar Time 
Ls = aerocentric solar longitude, indication of season (Ls 90 is winter in the southern hemisphere) 
LST = Local Solar Time 
MAHLI = Mars Hand Lens Imager 
MastCam = Mast Camera 
MMRTG = Multi-Mission Radioisotope Thermoelectric Generator 
MPFL = Mechanically Pumped Fluid Loop 
MSL = Mars Science Laboratory 
OCIO = Information Technology 
PRT = Platinum Resistor Thermometer 
PU238 = Plutonium 238 
RA = Robotic Arm 
RAMP = Rover Avionics Mounting Panel 
REMS =  Rover Environmental Monitoring Station 
RLGA = Rover Low Gain Antenna 
RSM = Remote Sensing Mast 
RTG = Radio-isotope Thermo-elecric Generator 
RWEB = Remote Warm Electronics Box 
SASPAH = Sample Acquisition, Processing and Handling 
Sol = Mars solar day, 24h 39m 35s 
W = Watts 

I. Introduction 
HE CURIOSITY Rover has weathered four Martian seasons roving Gale Crater just northeast of and driving 
toward the 5-km high Mount Sharp at 4.5º South of the equator on June 23, 2014 just 668 Sols since landing on 

August 6, 2012. Over the past two Earth years the Mars Science Laboratory (MSL) Rover thermal team has 
discovered what ‘normal’ means for Curiosity. This paper captures a complete cycle of a Martian year’s worth of 
activity from a thermal perspective of the Curiosity Rover on Mars. An earlier paper1 presented the thermal 
performance of the MSL rover over the first 200 Sols of the landed mission. 
 

  
Figure 1. Gale Crater (left) with landing ellipse (near 11:00 around the crater cicle). Extent of MSL's  6.317 
km traverse as of Sol-609 one the way to the base of Mt. Sharp (dark band of sand near the bottom right of 
image). Odometry as of the writing of this paper (sol 627) is just over 6.4 km. 
 

Following a brief overview of the MSL mission, Rover system and thermal design, this paper will address some 
of the interesting thermal telemetry and system behavior noted by thermal ground operations engineers over the past 
Martian year. In particular the thermal system behavior has been influenced by the long term season trends and 
system performance, the effects of local terrain, weather, and orientation, performance of air-gap insulated 
hardware, and the heater system efficiency. Finally we’ll look at the challenges facing MSL operations as the rover 
transitions into the extend mission phase and drives into the foothills of Mt. Sharp. 

T 
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From telemetry, the team has learned more about 
Rover operations, thermal hardware on-board the Rover, 
and the environment near the Martian equator. The team 
has been able to relax some of the original operations 
plans that were overly concerned with overheating 
engineering cameras, a concern that telemetry suggests is 
not possible in the current local environment at Gale and 
camera operational modes. Unlike our previous Rovers 
which experienced multiple PRT failures immediately 
following landing, Curiosity has endured 668 Sols 
without a single PRT failure or debonding, with each 
external PRT subjected to 80ºC temperature swings each 
Sol.  

We have witnessed the effectiveness of Curiosity’s 
Heat Rejection System (HRS). In addition to health 
assessments, the team has learned further detail about the 
local environment, such as regular morning and afternoon 

winds and differences in terrain-induced microclimates. All of these lessons lead to a more efficient operation of 
Curiosity as well as impact the design of future missions.  

A. Description of the Mars Science Laboratory Rover Mission 
Curiosity’s primary mission is to investigate the habitability of Mars, and the 10-instrument, remote geology science 
suite is specifically engineered to “1) look for organic carbon compounds, 2) characterize the geology of the landing 
site, 3) investigate the processes that could have made Mars habitable in the past (including the influence of water) 
and 4) characterize the radiation environment of Mars.”1 The science payload tool suite is shown in Figure 3 below. 
For more details on the science instruments and their recent investigations, please refer to the JPL or NASA MSL 
public website.2  

 
Figure 3. MSL Rover (left) science suite with internally mounted RAMP payload (right). The RAMP is an 
enclosed plate that is suspended from the top deck of the Rover. Imbedded with the structure of the RAMP is 
the heat rejection system (HRS) fluid loop. The top deck of the Rover also contains a fluid loop for rejecting 
heat from the interior of the Rover.  

B. Description of  the Mars Science Laboratory Rover Thermal Design 
The two Rover thermal control systems described herein consist of an active fluid loop heat rejection system 

(HRS) and heater controlled hardware (warm-up and survival). The HRS minimizes the electrical survival heat 
required and allows the available electrical power produced by MMRTG to be utilized by the instruments and the 
avionics. 

 The overall HRS approach is to utilize a single-phase, mechanically pumped, Freon (CFC-11 ) fluid loop for the 
majority of the thermal control of the Rover. Passively activated temperature control valves (consisting of a mixing 
valve and a splitting valve) control the HRS fluid flow to maintain RAMP temperatures within AFT bounds. For the 
cold case, the HRS radiatively collects waste heat from a radio-isotope thermo-electric generator MMRTG via ‘hot 
plates” to maintain certain science and avionics boxes mounted to the Rover avionics mounting panel (RAMP) 
above their minimum allowable flight temperatures (AFT).  

 
Figure 2. MSL "selfie" produced from multiple 
MAHLI images stitched together (Sol-613). 
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 For the hot case when the RAMP electronics temperatures approach maximum AFTs, the HRS rejects heat to 
the environment via the ‘cold plates’ and top deck radiators to maintain safe interface temperatures (see Figure 4 and 
5). A passive thermal control valve (actuated by DC-200 fluid silicone) automatically directs flow from the hot 
plates to the RAMP (in cold conditions) or to the cold plate radiators (in hot conditions). 

 

 
Figure 4. Rover HRS flow diagram.  
 

The science instruments SAM, DAN, CheMin, and the ChemCam body unit all rely on the RAMP, as well as 
many of the engineering avionics boxes such as the telecom system, the Rover computer, and power and data 
handling systems.  So far all the pumps and fluid loops have performed flawlessly ever since landing and have 
experienced not a single anomaly for over one Mars year (670 Sols). A more detailed description of Curiosity’s HRS 
can be found in References 2-4. 

Two types of heaters are employed in the thermal design: survival heaters are used to maintain a subsystem 
above its minimum non-operation AFTs and warm-up heaters are used to get a subsystem above its minimum 
operational AFTs. Survival heaters use mechanical thermostats to autonomously maintain subystems, such as the 
ChemCam Mast Unit, above their minimum survival 
temperatures. Warm-up heater target temperatures, durations, 
and min/max maintenance control temperatures are 
commanded via ground command sequences and controlled 
onboard by flight software. The warm-up heaters heat 
actuators (used in the mobility subsystem, the remote sensing 
mast, inlet covers for the SAM and Chemin science 
instruments, and the robotic arm) as well as MSL’s cameras, 
drill, and sampling subsystems (see Figure 6). Due to the 
seasonal and diurnal variation of the Mars surface thermal 
environment, heater prescriptions (duration and control set 
points) are prescribed for a particular Sol’s plan by the 
thermal engineering team.  

The RSM is located above the Rover top deck but is not 
serviced by the fluid loop. It consists of a almost rectangular 
shaped housing defined as the remote web (RWEB) which 
houses the ChemCAM instrument inside. Other cameras like 
NavCam are mounted on the underside of the enclosure. For ChemCAM, its thermal design relies on thermal 
isolation of the unit from the RWEB using Titanium flexures and Carbon Dioxide gaps. The external surface is 
white painted to reduce solar loadings and interior surface is low-e surface to further reduce radiative heat loss from 
the housing. Also, a mechanical thermostat controlled, survival heater keeps the ChemCAM unit above its minimum 
non-operational AFTs at night. Figure 6 shows the various Rover subsystems referenced in this paper. For more 
details about the system and thermal design, please see References 1-4. 

 
Figure 5. HRS hot and cold plates about the 
MMRTG. 
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Figure 7. Long-term min/max temperatures for the landed Rover mission for the RSM Deploy Actuator 
demonstrate the Martian seasonal variation as sensed from PRTs on the top deck and Rover turret, 
respectively. Regarding the outliers: the Sol-0 telemetry, immediately on the Y-axis, occurred during EDL; 
the Sol-200 outliers correspond to an onboard anomaly in which data was lost for the remainder of the Sol; 
and the gap in data just prior to Sol 250 correspond to solar conjunction. 
 

Figure 8 shows the long-term trending for the mobility system. As the Rover entered fall, the drive campaign 
geared up, and the seasonally dominated temperature trending is broken up as the warm-up heating dominates the 
maximum temperatures starting near Sol-340 (indicated by a dashed blue line in Figure 8). It should be noted that 
drive sols in the summer months do not require as much heating, so self-heating and the local environment 
dominated maximum recorded temperatures prior to Sol-340. Two definitive curves can be seen in maximum 
temperature telemetry data following Sol-340. For instance the pink points (corresponding to the left front drive 
actuator) have one curve corresponding to warm-up heating, and another from non-drive sols in which the actuators 
followed the local environment. 

 
Figure 8. Long term temperature trending for the mobility drive actuators. The minimum temperatures 
follow the local environment (ground) temperatures, whereas the maximum temperatures are dominated by 
preheating for drive Sols particularly following Sol-340 (vertical dashed line).  
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Figure 10. The right front actuator violates the Ls-151 soak temperature curves, causing the thermal team to 
begin using the Ls-90 and hybrid heater tables. (The solid line is the modeled environmental soak curve, and 
the dots are thermal telemetry.) 
 

Unfortunately, at Ls-0 (fall), the  Ls-90 (winter) tables were very conservative in their prescribed duration and 
energy use, and greatly restricted activities just as the planning team attempted to exercise a series of long traverses 
towards base of Mt. Sharp. The decrease in the no-heat window available for operations caused by moving from Ls-
151 to Ls-90 tables was between 2.9 hours to 8.1 hours (depending upon the subsystem). Additionally the change in 
heater tables increased the heating time required for larger subsystems such as mobility, arm, and RSM actuators by 
up to 1-hour (based on the same type of activity starting at 9:00 LMST on Sol 415). This increased heater time and 
diminished no-heat windows greatly reduced the available time for driving and science, reduced the available power, 
and complicated the daily planning and uplink activities. For instance, in order to complete certain activities such as 
uplink, heating had to occur in the previous Sol’s plan, across the daily plan boundary (referred to as the handover). 
Thus planners now had to make more detailed plans 2-days prior to execution or greatly simplify their goals for a 
particular sol to avoid handover activities. 

The original thermal operations plan was to swap over the entire suite of heater control from Ls-151 to Ls-90. 
However, since only the mobility subsystem had violated its soak curves, the team implemented a hybrid heating 
approach in which we used a mixture of Ls-90 and Ls-151 heater tables to allow the science and engineering teams 
more time to complete activities. Ls-90 tables were applied to subsystems that were at or about to violate their 
model assumptions, but Ls-151 tables were used for devices safely above their Ls-151 soak curves. This greatly 
increased the complexity of both the thermal uplink planning and downlink analysis activities. The team needed to 
compare downlink telemetry to two different soak environments to properly monitor performance and to ensure that 
no system was now violating its Ls151 curves, and vice versa. 

Ultimately, the project opted to produce an additional set of early-spring (late fall) heater tables to alleviate the 
inefficiency of the binary spring-winter heater tables and somewhat reduce operational complexity of using the 
hybrid table approach. The hybrid approach is not eliminated, but the need for it is perhaps alleviated by having a 
mid-range heater table. At this time the thermal team is finalizing the new intermediate heating table designated as 
Ls130 to bridge the gap between Ls90 and Ls151. 

 
2. Martian Winter, Ls-90 and Custom Heating Approach 

In addition to the hybrid heater table development, conditions required some custom heating prescriptions as 
well. On Sol 455 a change in orientation of the Rover after consistent end of drive pointing caused an overnight drop 
in temperature of 7ºC and caused a violation of soak curves for the left front mobility actuator. The device had not 
been planned for use on that day, but this was the trigger to move the entire system to the winter heating prescription 
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from the hybrid tables, and more routine activities for the thermal team in terms of uplink and downlink analysis. 
Subsequently by Sol-463 we moved the entire system to winter tables (Ls-90). 

Just over two weeks later, on Sol-478 (see Figure 11, below), telemetry indicated that MSL had violated the 
winter model soak curves on which our heater prescriptions were based. From this we needed to develop a custom 
heating approach. The temperatures did not violate the coldest temperatures predicted, but rather violated the 
temperature profile predicted. This meant however, that the heater table prescription at that time would not be 
sufficient. Therefore we performed a custom heating solution for mobility—to assist driving and activities. 

 
Figure 11. This image shows the flight temperature data from the right front steer actuator drop below the 
Ls-90 soak curves (arrows). The shaded green areas indicate the boundaries of the no-heat window for Sol-
478. The heading on the Rover indicates that the drive direction pointed south, so that the right front steer 
actuator was shadowed during the violation. (The solid line is the modeled-predicted environmental soak 
curve, and the dots are telemetry.) 
 

There was a real risk that our heater prescriptions would be insufficient to maintain cameras and actuators above 
their required temperature.  In order to safely heat the hardware, the team developed a procedure to use the flight 
telemetry along with the modeled curve to extrapolate the proper prescription for the heating target temperature and 
duration. Each week, a thermal team member would develop a minimum duration/temperature for operations that 
occurred just after handover (generally around 9:30 LMST). While successful, the process was time-consuming, 
since we would need to review the previous two weeks of data, looking for worst case shading scenarios and terrain-
induced low temperatures. To protect against an error, we would bias the prescription up by 5ºC.  

C. Heater System Efficiency 
As described in the previous section, usage of any actuator or instrument outside of its no-heat window requires 

a custom heating prescription that is generated from model predictions.  The built-in conservatism of these model 
predictions, however, leads to a heating prescription that is overzealous in its energy usage as the modeled warm-up 
time takes longer than the actual warm-up times. Thus the model prediction may show 90-minutes to achieve warm-
up, time that must be accounted for in the plan, but the target temperature onboard is achieved much quicker, using 
less energy than predicted. This problem is further compounded by the fact that the models are only truly valid for 
late-spring (Ls=151) and winter (Ls=90).  

The heating tables are based upon worst-case orientations and the largest degree of shadowing because it is not 
feasible to accurately prescribe heating for every Rover orientation, terrain, and arm pose—or possible to accurately 
predict the end of Sol Rover orientation following an autonomous drive. Note too that it is impractical to re-run all 
actuator models for new orientations each Sol. 
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As it turns out, the APXS instrument was pressed against a rock, with the arm nearly fully extended 2 meters 
from the Rover chassis. The PRT is mounted on the forearm of the robotic arm. Based on kinematics, the fore arm 
PRT can either be sky-pointed (corresponding to a shoulder-out configuration) or ground-pointed (corresponding to 
a shoulder-in configuration). Because the PRT is mounted on a low thermal conductance, thin titanium tube with 
little thermal mass, it responds rapidly to the environment. See plot in Figure 19.  

 

   
Figure 20. The PRT on the forearm of the Robotic Arm is midway down the white forearm (right). The arm 
can place the APXS sensor on the ground with either a sky-view or ground view for the PRT, causing 
significantly different temperatures. The sky view PRT configuration consistently produces the lowest 
temperatures. The right bottom and right top shows the shoulder-out configuration which corresponds to the 
colder, sky-view for the PRT (the elbow actuor is pointed inboard). The left bottom image shows the 
shoulder-in configuration which corresponds to the warmer, ground-view for the PRT (The elbow actuator is 
pointed outboard.) 
 

This behavior was confirmed subsequently on sols 361 and 374, in which new low temperature records of -86°C 
and -87°C were established for Curiosity. In both instances, the arm was extended with the forearm PRT view to 
sky. The coldest temperature recorded to date was -95.2ºC on Sol-559, which was measured by this same PRT on 
the forearm during an overnight APXS integration. 

IV. Looking Ahead 
The Rover team is planning for the extended 

mission, and here are some of the anticipated 
challenges awaiting the thermal team.When looking at 
the terrain in Figure 21, two immediate challenges are 
notable. The canyons will mask the horizon and 
potentially create the need for a new set of custom 
heating solutions for large shadowed areas. Canyons 
also are known for wind effects due to differential 
peak and valley heating, and cold air upwelling in the 
mornings adding large scale convective effects. 

The base of the foothills contains a dark band of 
black colored sand, which should give us a much 
different ground temperatures and potentially both hot 
and cold extremes. Current estimates put MSL in this 
region in the middle of summer (see Figure 21). 

MSL has been getting bathed in red dirt. Compare 
the images in Figure 22 and Figure 23. The top deck is 
one of the radiators for the HRS sytem. Calculations 
indicate that the Rover is immune to a large degree in 
the surface paint, but clearly the Rover is no longer 
white. The vertical radiators on the HRS cold plates have little dust accumulation and from the telemetry appear to 
be compensating for any increase in the top deck absorptivity (and degradation of it as a radiator). 

 
Figure 21. Black sands, canyons and buttes await 
Curiosity in the coming months as Curiosity drives into 
the foothills of Mt. Sharp. (Image created by JPL Mars 
Outreach from NASA/JPL-Caltech/MSSS.) 
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These Sol-unique web-pages serve a necessary journaling function, but are not well suited for event/data-specific 
searches or long-term, trend analytics since the data is archived on unique web pages in CSV and powerpoint files. 
CSV data files are not easy to access, take time to format, and do not easily allow for multi-Sol analysis. The 
powerpoint fields are not interactive, and lose usefulness for data-mining and in-depth probes (though they are still 
useful for presentations and sharing). 

With over 680 Sols under our belt, the team is now preparing to transform our tools from daily journaling based 
tools, which are essential in the early phase of the mission, to tools that can process and handle large data sets and 
are suited to analyze thousands of sols.  

With the help of JPL’s information technology data scientists, we have developed a web-based tool called 
Streams that can anyalyze trends and search for specific events.The Streams tool stores each data point as a text file. 
This allows less than split-second telemetry searches, quick loading, hover point data point discovery, and overlay of 
various sols for comparison. Each view has a uniquely defined URL (restful URLs), so that specific views can be 
shared with other engineers and remain interactive by the end user.  

We are also in the process of creating other web based tools inconjunction with the MSL project for analytics 
that will allow us to analyze long-term, subsystem heating performance as well. All of these tools will aid our 
upcoming challenges as we drive into and up Mt. Sharp. 

V. Conclusion 
Curiosity’s first full Martian year has been a huge success. In the process of operating this incredibly complex 

vehicle in such an extremely harsh environment using very conservative guidelines has led to a few interesting 
lessons about the local environment and how we can tailor our thermal operations to be more effective. We have 
seen the effects of orientation, shadowing, wind and terrain on rover telemetry, and learned how to adapt our tools to 
improve operational efficiency and adjust to conditions just outside of our plan. This completion of this Martian year 
has demonstrated the effectiveness of the new temperature sensor selection and the robustness of the HRS system. 
And finally, we have begun to transition to a long-term mission approach to data analysis, and develop tools to assist 
in Curiosity’s planned drive into the foothills of Mount Sharp during the extended mission phase. 
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