J. Safeguarding the journey of exploration

Maximize the safety and productivity of human and robotic 

explorers by developing the capability to predict the extreme and 

dynamic conditions in space. 
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Figure J0: The figure is an artists’s concept showing humans at work with robots and vehicles on Mars. Safe and productive expedition activity will depend on accurate forecasting of surface and space weather conditions that mitigates risks but avoids false alarms. 
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Credit: John Frassanito & Associates
Space environment conditions 
carry significant risk factors for the journey of exploration, such as energetic particle and electromagnetic radiation, plasmas that cause spacecraft charging and discharging, and neutral atmospheres with poorly known properties. The first step toward safeguarding astronauts and assets in space is to characterize the extremes and variability of 

the space environment, in support of design requirements. The next step is to developing the capability to nowcast current conditions in key locations. Finally, we must develop the capability to forecast the dynamic 

conditions in space. As our understanding of the fundamental processes improves through comparision of predictive models with reality, we will gradually improve the accuracy and foresight of our predictions, and provide key support to the vision. This objective focuses on the science necessary to ensure safety and maximize productivity of both human and robotic space explorers. Because our explorers have just as much interest in returning safely to Earth as in making their expeditions, this objective includes both near-Earth and planetary environments especially as they affect the robotic and technological systems that support human space 

flight. Benefits of 
addressing these issues include the optimization of spacecraft and instrument design, improved 
planning of mission and operations scenarios, en
suring the safety and maximizing the success 

and productivity of both robotic and human ex
ploration. 


Much of the variability in the space 

environment is driven by solar activity such 
as flares and coronal mass ejections (CMEs). 

The underlying thread that links all three of the 

roadmap objectives is achieving a detailed un
derstanding of the basic physical processes 
required to enable prediction (Objective F), 

with the emphasis here on the practical needs 

of supporting Exploration. While Objective H focuses on the science needed to understand how life and society are affected by the space environment, Objective J 



emphasizes understanding 

the variability of the space environment and its 

potential for violent change with the purpose of 

enabling and securing space travel, which affects primarily astronauts and their supporting assets in space. 


Objective J is divided into four priority Re
search Focus Areas (RFAs). RFA J1 
deals with characterization of the space environment 

to be encountered by human and robotic ex
plorers, including the extremes as well as the 

variations to be expected. The second and third 

RFA build on the first and focus on developing 

the capability to predict space environmental 

conditions throughout the heliosphere. RFA 

J2 is focused on the capability to predict the 

onset of solar activity and solar disturbances 

as the source of potentially hazardous space 

weather events, while RFA J3 is focused on 

the capability to predict the nature and severity 

of environmental hazards associated with the 

propagation of solar disturbances through the 

heliosphere. RFA J4 targets charac
terizing and understanding the impact of space 
weather on planetary environments for the pur
pose of mitigating risk in exploration activities, 

such as spacecraft staging in LEO, or EDL ac
tivities at Earth and Mars. 

Priority Research Focus Areas 

J.1  Characterize the variability, extremes, and boundary conditions of the space environments that will be encountered by human and robotic explorers. 

J.2  Develop the capability to predict the origin and onset of solar activity and disturbances associated with potentially hazardous space weather events. 

J.3  Develop the capability to predict the propagation and evolution of solar disturbances (including shocks, and the acceleration and transport of energetic particles from solar, interplanetary, and galactic sources) to enable safe travel for human and robotic explorers. 

J.4 Understand and characterize the space weather effects on and within planetary environments to minimize risk in exploration activities.  

Research Focus Area J1:  Characterize the variability, extremes, and 

boundary conditions of the space environments that will be encountered by human and robotic explorers.
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Figure J1: The radiation dose to astronauts during the Apollo era missions is plotted with the sunspot count. This plot graphically highlights the profound difference between short Apollo-like expeditions to the Moon and the longer duration stays anticipated as part of the Vision for Space Exploration, where sporadic risks will become certain events. 
A fundamental understanding the dynamics of the space environment, as well as the boundary conditions and sources which drive it, will assist future human and robotic exploration in two ways: 1) characterizing the variability and extremes, and 2) developing the predictive capability to nowcast and forecast transients (solar energetic particle events, CMEs, magnetic storms, substorms, etc.). Characterizing the extremes of the space environment requires an understanding of the variables that modulate the conditions as well as their dependence on location within the solar system and the relevant boundary conditions that may influence the conditions. In other words, it requires a knowledge both of internal mechanisms and external drivers, including drivers and sources of the variability at the Sun. As a result, developing and applying an understanding of the dynamic space environment (its boundary conditions and the interplanetary medium which modulates its extremes) is an important element of this objective. There are three investigations associated with this RFA: 

Priority investivations are: Relevant Missions: 

Relevant Missions: THEMIS, RBSP, ITSP, IH- 

Sentinels, SWB, L1/HelioStorm, MSL, LRO and 

The Great Observatory[TGO] (esp. ACE, Wind, 

Polar, Cluster, TIMED) 

Relevant Missions: MMS, RBSP, SWB, IH- 

Sentinels, L1/Heliostorm, Solar Probe, MARS 

and TGO (esp. ACE, Wind, Ulysses) 

Investigation J1.2 - How does the radiation 

environment vary as a function of time and 

position, and how should it be sampled to 

provide situational awareness for future hu- 

man explorers? 

Relevant Missions: IHSentinels,L1/HelioS- 

torm, SWB, Mars GOES, and TGO (esp. ACE, 

Wind, SOHO,ULYSSES) 

Investigation J1.1 - What is the variability and 

extremes (worst case) of the radiation and 

space environment that will be encountered 

by future human and robotic explorers, both in 

space and on the surface of target bodies? 

Investigation J1.3 - What is the relative contri- 

bution to the space radiation environment from 

Solar Energetic Particles and Galactic Cosmic 

Rays and how does this balance vary in time?

Research Focus Area J2:  Develop the capability to predict the origin 

and onset of solar activity and disturbances associated with potentially hazardous space weather events. 
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Figure J2: Showing an active sun with numerous active regions that are likely to erupt and produce hazardous heliospheric conditions. 
Successful space weather forecasting begins with reliable characterization of impulsive solar disturbances and their effects on the global corona and solar wind through which 

they propagate. At present, solar flares and CMEs are no more predictable than earthquakes or volcanic eruptions. It is possible to identify active regions with the potential for eruption and therefore it is possible to identify the absence of such regions. Thus is quite feasible to identify and announce 
“all clear” periods, when EVAs can be safely accomplished because solar events are extremely unlikely, during periods of low solar activity. This requires spacecraft observations of the entire solar surface both to follow the evolution of active regions over the full solar disk and to observe complex active regions that may be magnetically connected to 

human or robotic explorers in transit to or on the Moon or Mars. During more active times, when active regions are almost continuously present, forecasting becomes much more challenging with our current level of knowledge. On longer time scales, we need to develop the ability to predict when and where active regions will arise and what the 

heliospheric consequences will be. Three are three investigations associated with this RFA: 

Priority investivations are: Relevant Missions: 

Relevant Missions: IHSentinels, SEPM, 

DOPPLER, SHIELDS, RAM and TGO (esp. 

SOHO) 

Relevant Missions: DO, IHSentinels, SEPM, 

Solar Probe, SWB, L1/HelioStorm, MAD, LRO, 

RBSP, ITSP, GEMINI, MC, MMS, THEMIS, 

STEREO and TGO (esp. ACE, Wind, SOHO, 

Polar, TIMED, Cluster) 

Investigation J2.2 - What heliospheric 

observations, and empirical models are needed 

to enhance the predictive capability required 

by future human and robotic explorers? 

Relevant Missions: TIMED, C/NOFS, 

ITSP+ITIMager, THEMIS, RBSP, MMS, MC, 

AAMP, GEMINI, IMC, GEC, ITMWaves, L1/ 

HelioStorms, MAD, ITMC, SECEP and TGO 

(esp. Polar, TIMED, Cluster) 

Investigation J2.1 - What are the observational 

precursors and magnetic configurations that 

lead to CMEs and other solar disturbances, and 

what determines their magnitude and energetic 

particle output? 

Investigation J2.3 - What geospace and 

planetary atmospheric observations, and 

empirical models are needed to provide the 

predictive capability required by future human 

and robotic explorers?

Research Focus Area J3: Develop the capability to predict the propagation and evolution of solar disturbances to enable safe travel for human and robotic explorers. 
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Figure J3: A simulated visualization of a Coronal Mass Ejection, as it begins to engulf the magnetosphere of Earth, which is expanded in the inset figure. CMEs and high speed solar wind streams drive a large fraction of the space weather effects in geospace because they carry large deflections of the interplanetary magnetic field along with strong enhancements of the dynamic pressure of the solar wind. These effects simultaneously compress the magnetosphere, produce large amounts of ionospheric heating and outflow into geospace, and excite strong circulation of plasma from the magnetotail through the magnetosphere toward the subsolar magnetopause, accelerating energetic particles within the magnetosphere. 
Energetic particles accelerated by flares and CME shocks are a known sporadic radiation hazard to human and robotic explorers. These events have a range of sizes extending up to exposures that reach lethal levels for unprotected humans. Large events are much more probable during the high activity part of the solar sunspot cycle. In addition, we have the relatively steady flux of galactic cosmic rays, at levels that accumulate over long durations to dangerous doses. Cosmic rays are modulated inversely with solar disturbances so that they are less of a problem during high solar activity. Thus there is no part of the solar activity cycle that is free of radiation exposure issues for explorers, though the low activity risks are more predictable than the high activity risks. 

To maximize the safety and productivity of 
explorers, we need to develop the observational and modeling tools with which to more accurately predict the arrival times, durations, and severity of solar energetic particle and cosmic ray impacts. 
Shocks and plasma disturbances are also important because they locally accelerate particles and damage space hardware. 

From an operational point of view, an improved predictive capability will reduce the rate of false alarms 

and enable longer periods of extravehicular surface activity for human explorers. 


This 

RFA entails developing an understanding of heliospheric acceleration mechanisms, the propagation of solar disturbances, and local acceleration of particles by plasma interactions in the disturbed solar wind. All  are needed for a complete understanding of these events. 
There are three investigations associated with this RFA: 

Priority investivations are: Relevant Missions: 

Relevant Missions: IHSentinels, SEPM, DOP- 

PLER, Solar Probe, STEREO and GO 

Relevant Missions: Solar Probe, IHSentinels, 

SEPM, DOPPLER, SO and TGO (esp. SOHO) 

IInvestigation J3.2 - How do solar magnetic 

fi elds and solar wind plasma connect to the 

inner heliosphere and what is the nature of 

the near-Sun solar wind through which solar 

disturbances propagate? 

Relevant Missions: STEREO, IHSentinels, 

MMS, MagCon, SWB, L1/HelioStorm and TGO 

(esp. Ulysses, Wind, ACE) 

Investigation J3.1 - How are Solar Energet- 

ic Particles (SEPs) created and how do they 

evolve from their coronal source regions into 

interplanetary space? 

Investigation J3.3 - How are energetic particles 

modulated by large-scale structures in the he- 

liosphere (magnetic fi elds throughout the solar 

system) and what determines the variations in 

the observed particle fl uxes? 

Research Focus Area J4: Understand and characterize the space weather effects on and within planetary environments to minimize risk in exploration activities. 
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Figure J4: The atmospheric density encountered by the MGS mission during its aerobraking phase. The density varied by an order of magnitude relative to the predictions, illustrating why current atmospheric prediction science makes for a very tricky science of aerobraking and aerocapture. MGS required far more thruster operation than anticipated, as a result of this uncertainty in atmospheric drag, and may have suffered minor damage to appendages. Human landings on Mars will require significantly better knowledge of its atmospheric structure and dynamics to minimize fuel consumption while assuring safety. 
Expeditions to other planets such as Mars, anticipated as part of the Vision for Space Exploration, must be carefully planned on the basis of as much information as we can possibly acquire in advance. Planetary environments contain many potential risks that must be understood, characterized, and mitigated to make human and robotic exploration safe, productive and affordable. 
Most of the issues are related to space weather effects within planetary environments. Reliable communications and navigation for spacecraft and surface crews will require improved understanding of Earth’s and Martian ionospheres. Neutral atmospheric density variability affects aerobraking, aerocapture and EDL. Propagating or trapped energetic particles and plasmas create hazardous conditions that affect both human tissues and the semiconductor electroncs on which humans will depend in many ways. While the Sun and its variability are external drivers of these environments, there are also many internal processes that must be understood. Planetary space weather develops through the interaction of the solar wind with the planetary magnetic fields and plasmas, the interaction of solar photons with plasma and neutral gas populations, the interaction with the lower atmosphere, and via internal processes such as dynamos, wave interactions, magnetic reconnection, electric fields, transport and chemistry. To understand the planetary conditions essential for exploration, scientific investigations are targeted for the “near-planet” environments. Because initial staging activities and transport of human and robotic explorers, as well as their return to Earth, occurs in geospace, understanding this environment is particularly important. The near-Earth characterization and understanding provides a baseline for modeling the impact of space weather in other planetary environments and will guide the development of follow-on planetary investigations and missions. There are five investigations associated with this RFA: 

Priority investivations are: Relevant Missions: 

Relevant Missions: THEMIS, MMS, RBSP, MC, 

IMC, GEC, AAMP, ITSP, L1/HelioStorm and 

TGO (esp. Polar, ACE, Wind, Ulysses, Geotail) 

Relevant Missions: GEC,MAD/MARS, ITM- 

Waves and TGO (esp. TIMED, CNOFS) 

Investigation J4.1 - To what extent does the 

hazardous near-Earth radiation environment 

impact human and robotic explorer’s safety 

and productivity? 

Investigation J4.2 - What Level of Character- 

ization and Understanding of the Dynamics of 

the Atmosphere is Necessary to Ensure Safe 

Aerobraking, Aerocapture and EDL Opera- 

tions at Mars? 

Investigation J4.3 - To what extent does 

ionospheric instability, seasonal and solar 

induced variability affect communication sys- 

tem requirements and operation at Earth and 

Mars? 

Relevant Missions: CNOFS, ITSP+ITImager, 

L1/HelioStorms, MAD/MARS and TGO (esp. 

TIMED) 

Investigation J4.4 - What is the effect of en- 

ergetic particle radiation on the chemistry 

and the energy balance of the Martian atmo- 

sphere? 

Relevant Missions: AIM, MSL, MAD/MARS, 

Mars GOES, GEC, SECEP, ITMC and TGO 

(esp. TIMED) 

Investigation J4.5 - What are the dominant 

mechanisms of dust charging and transport 

on the Moon and Mars that impact human 

and robotic safety and productivity? 

Relevant Missions: MAD/MARS, Mars Goes, 

LRO, plus Moon and Mars Landers and Rov- 

ers, Laboratory SR&T program

