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EM6 Science Goals:  Mars Fundamentals for Future Exploration
• Mars Surface and Climate through Time:  Characterize stratigraphy, 

geomorphology, volcanism and water
• Evolution of Mars Ice:  Map volatile ices & determine processes that control them
• Explore Active Geologic Processes:  Test hypotheses for active slope and aeolian 

processes
• Modern Mars Atmosphere and Climate:   Extend the Mars climate record and 

understand the controlling processes

“Mars Fundamentals for Future Exploration”

MRO Mission Objectives for Extended Mission 6

Programmatic Support Objectives
• Communications support (relay) for surface platforms
• Critical event coverage for spacecraft landing on Mars
• Landing Site Reconnaissance for future robotic and human missions
• Resource mapping for possible in situ exploitation 
• Environmental databases for mission design and operations
• Operations support:  Traverse planning and weather watch

MRO Mission Overview:  Category 2, Risk Class B
• Launched August 12, 2005; entered Mars orbit, March 10, 2006
• Primary + Extended Science Phase (PSP):  Nov. 2006 to Sept. 2010
• Extended Mission Phases 

o EM1:  10-2010 to 09-2012 EM2:      10-2012 to 09-2014 
o EM3:  10-2014 to 09-2016 EM4/E:  10-2016 to 09-2019 
o EM5:  10-2019 to 09-2022 EM6:     10-2022 to 09-2025

Extended Mission Phase (EM6) Proposed submitted January, 2022

5+1 Instruments using 4 observation modes:
• Ultra-high-resolution targeting
• High resolution survey
• Subsurface radar profiling
• Global atmospheric Coverage 

MRO is a dual-purpose mission 
for the Mars Exploration 

Program with both Program 
Support & Science Objectives. 
This would continue to be the 

case in a 6th extended mission.
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Project Status

Technical:
• Flight System is healthy—all subsystems performing as required; most subsystem redundancy 

remains; significant fuel reserves
o All-stellar mode preserving IMU-life

• Ground System (uplink, downlink, & data distribution) functioning nominally
• Risk Review conducted in November 2021; no concerns for MRO EM6
Science
• All Teams are making their regular PDS delivery commitments; community is using the data 
• On plan to complete EM5 activities; MRO is  back in nominal 3 p.m. LMST orbit corridor
Programmatic:
• Performed “bent-pipe” relay of M2020 data during the latter’s EDL
• Performing relay for M2020, MSL and on occasion InSight
• NASA has tasked MRO to retain the ability to provide essential programmatic support for future 

missions until 2031
• Finished landing site coverage for Mars Sample Return; augmenting coverage for ExoMars
Issues:
• Keeping key personnel; training/integrating replacements
• Declining science budget—may lose the CRISM investigation; most analysis funded elsewhere
• Handling new software/PDS and cyber-security requirements within guideline budget
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EM5 Discoveries:  Motivations for EM6

Ancient Mars, Environmental Transitions 
& Habitability

Modern Dynamic Mars: Surface

Modern Dynamic Mars: Atmosphere & Polar Processes

Amazonian 
Volatiles, 

Volcanism and 
Climate

Environmental 
Change from 

chemically neutral 
to cold & acidic 

to warm & acidic 
to cold & arid

Icy Reservoirs => Climate Change => Ice Ages

Mars Exploration Program FY23–25 Mars Reconnaissance Orbiter 
EM6: Mars Fundamentals for Future Exploration Section 3—Historical Accomplishments 
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which is the most potent of candidate greenhouse 
gases to have warmed early Mars [5, 9].  

Elsewhere, pedogenesis (soil formation) was 
documented on the flanks of a highland volcano 
in Thaumasia Planum, possibly in a wet 
microenvironment [6]. South of VM, the 
stratigraphy of layered clays and crater ejecta 
records two distinct episodes of pedogenesis [8]. 
Over the subsequent 3 billion years of largely 
hyperarid climate, removal of interlayer water 
from layered clay materials has collapsed crystal 
structures and made them radar-transparent [7]. 

Inv. #3: Search for Hematite/Sulfate. In an 
investigation of 3D distribution of Meridiani-like 
deposits of hematite and sulfate in the crust, 
CRISM is on pace to conclude its 90 m/pixel, 
hyperspectral VNIR mapping campaign to globally 
map crystalline ferric phases in spring 2022 
(currently totaling 201,000 mapping strips). 
Production and delivery over the remainder of 
EM5 of a map-projected version of the earlier 
VNIR+IR multispectral mapping campaign 
(∼83,000 mapping strips, 180 m/pixel) shows that 
crystalline ferric minerals are widespread in 
multiple environments (Fig. 4-1; [11]). A related 
effort to inventory hydrous minerals from CRISM 
targeted observations yielded an estimate that 
crustal hydrous minerals contain the equivalent of 
a global layer of water 100–300 m thick [10]. 

Inv. #4: Selected Outcrops: Data Acquisi-
tion/Processing. Two parallel efforts to increase the 
science value of MRO coordinated H-C-X obser-
vations are (a) development and application of 
new processing techniques to detect weak mineral 
signatures (see also Inv. #5) and (b) acquisition of 
HiRISE images where CRISM data indicate key 
mineral exposures but HiRISE coverage is lack-
ing. (They are bore-sighted, but the CRISM field 
of view is larger and simultaneous images were not 
always taken.) Advanced processing has revealed 
spectral evidence for carbonate fundamental 
absorptions at 3–4 µm in lower strata of some 
layered clay deposits [14]. Lab measurements of 
mixtures of Mars aqueous minerals with regolith 
simulants shows that carbonates become 
detectable at 2–3 times higher abundances than 
do clays [58]. Together these results potentially 
explain the lack of widespread carbonate 
detections despite the expectation of carbonate 
and clay having formed together [59]: carbonates 
are indeed present, but just harder to detect. At Jezero 

crater, three distinct carbonate units have been 
recognized [12]. Sedimentary clays and carbonates 
overlying serpentinized rock in McLaughlin crater 
make that location a potential target for future 
astrobiological investigations [13]. 

Early in EM5, 365 HiRISE targets were iden-
tified to cover CRISM-discovered mineral out-
crops, far exceeding the original 100 planned; 
182 were imaged by Oct. 2021. Another few hun-
dred are anticipated in the final months of EM5. 

Inv. #5: Rovers and MRO. Joint analysis of 
landed and orbital data covering Gale crater has 
revealed that spectral variations involving hema-
tite in Mount Sharp are the result of diagenesis 
[17, 18]. New techniques allow simultaneous 
retrieval of single-scattering spectral albedo and 
thermal inertia from different wavelength regions 
of CRISM data, so that both mineralogical and 

 
Figure 3-1. CRISM analysis revealed ancient environmental 
changes in Mawrth Vallis, including one period that may have 
been habitable (doublet/sulfates layer): (a) schematic 
stratigraphic sequence spanning 900 m (red at bottom) 
corresponding to (b) CRISM false-color data representing these 
units, where exposed, overlain on HiRISE, and to (c) Diagnostic, 
color-coded spectra representing these units [4]. 

Active RSL Sites after 2018 PEDE

CRISM false-color 
mineral indicators 

overlain on 
HiRISE imagery of 

Mawrth Valles

Three 
missions 
combine 

to show H 
loss to 
space 

enhanced 
during 

regional 
dust 

storms
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• Jan. 1:  Dust storm develops 
along SP seasonal cap edge

• Jan. 3:  Storm expanded N 
and E, crossed the equator

• Jan. 7:  Storm at max extent
• Jan. 12:  Dust-lifting abated
• Jan. 17:  Opacities dropped, 

dust slowing clearly
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EM6 Science Objectives

Mars Surface and Climate through Time

Active Geological Processes Modern Mars Atmosphere and Cliimate

Evolution of Mars Ice
Multi-spectral 
180 m/pixel 

map of 
crystalline 

ferric minerals 
in Mawrth 

Vallis

Icy Reservoirs => Do They Flow?

Ripple Displacement & Winds

Better map 
(~90 m/pixel) 

coming!

Gravity Wave Mapping: How 
do small-scale waves affect 

the general circulation?

Mars Exploration Program FY23-25 Mars Reconnaissance Orbiter 
EM6: Mars Fundamentals for Future Exploration Section 4—Proposed Extended Mission Science Objectives  
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4 PROPOSED EXTENDED MISSION SCIENCE OBJECTIVES
Following up on EM5 discoveries and ongoing 

analyses of MRO data across the science 
community, four goals with 17 investigations in 
EM6 are proposed (Table 4-1 and Table SR-1B); 
their relationship to the decadal goals and 
objectives is shown in the Science Traceability 
Matrix (§5; Table SR-2). Progress in addressing 
Decadal Survey objectives (VV2011) and the 
wealth of continuing results has raised new 
questions that MRO can address in EM6. 
Within the available science budget (§11.1), the 
emphasis is on acquiring the right data and to 
produce scientifically informed products for 
analysis by the broader science community (§9), 
(including those MRO researchers who compete 
for analysis funding that MRO cannot provide). 

4.1 Goal A. Mars Surface and Climate Through 
Time (Invs. #1–7) 

MRO has discovered that layered deposits are varied in physical 
properties and structure, fluvial activity was vigorous and long-
lived, volcanism is diverse in style and composition, and the 
ionosphere provides a tool to improve mapping of crustal 
magnetization. EM6 Goal A investigations will further explore 
ancient aqueous and layered deposits, the history of volcanism 
and formation of lava tubes and Hesperian-Amazon fluvial 
processes, map magnetic structure of the crust, and inform 
the geologic settings of rovers. These investigations advance 
VV2011 goals to investigate habitability and preservation 
potential (p. 142–146), geologic processes and interior evolution 
(p. 151–156), and understand climate (p. 147–151). 

As described in §3.1, the temporal evolution of 
sedimentation, volcanism, and magmatism, and 
formation and burial of alteration products are at 
the forefront of understanding evolution of Mars’ 
crust from the pre-Noachian to early Amazonian 
periods. In EM6, MRO will conduct 7 investiga-
tions with a two-pronged effort to acquire new 
measurements and deliver new data products. The 
data acquisition strategy is modified from EM5 to 
focus on acquisition of: (a) HiRISE images of 
CRISM-identified minerals, sedimentary strata, 
fluvial and volcanic landforms (including 
potential caves), and sites of landed assets; (b) CTX 
images of sedimentary strata, volcanic landforms, 
and landing sites; and (c) SHARAD 
measurements of subsurface structures of fans, 
sedimentary strata, volcanic plains, the extent of 
subsurface voids at caves, and crustal 
magnetization using ionospheric signal. 

In addition, during EM6, CRISM will deliver 
its VNIR hyperspectral map, with corrections for 
instrument and optical effects and that normalize 
atmospheric variations between mapping strips, 
allowing 3D distribution and stratigraphy of 
crystalline ferric minerals in the crust to be 
assessed (finalizing EM5 Inv. #2). The VNIR+IR 
global multispectral (72-wavelength) map being 
delivered over the remainder of EM5 (Fig. 4-1) 
confirms occurrences of crystalline ferric minerals 

Table 4-1. EM6 Science Goals. 
Goal # of Investigations 

Goal A: Mars Surface and Climate 
through time – Understand the geologic 
history and habitability of Mars, as well as 
the potential for future geologic activity, 
through observations of the martian crust. 

7 investigations 
address this goal 
and relate to 
VV2011, pp. 140, 
142–146, 151–156 

Goal B: Evolution of Martian Ices – 
Understand Mars’ climate history and pre-
sent-day volatile cycling through observa-
tions of subsurface layers, surface mor-
phology, deposition, sublimation, and ice 
composition. 

3 investigations 
address this goal 
and relate to 
VV2011, pp. 140–
142, 151–155 

Goal C: Active geologic processes – 
Understand the nature of present-day 
geologic processes that have created and 
modified the martian crust over time. 

3 investigations 
address this goal 
and relate to 
VV2011, pp. 140, 
142, 151–156 

Goal D: Modern Mars Atmosphere and 
Climate – Understand the proceses that 
control energy, momentum, and mass 
transport throughout the atmosphere, to 
define current weather and climate and 
provide insight into past climate. 

4 investigations 
address this goal 
and relate to 
VV2011, pp. 140–
142, 147–151 

 
Figure 4-1. In EM6, CRISM would produce a global map product 
with more wavelengths and 2x spatial resolution than shown 
here. This multispectral, 180 m/pixel map shows crystalline ferric 
minerals (BD920 parameter) in Mawrth Vallis (stretched 0.0–
0.015 on a rainbow color ramp, red=strongest), overlain on the 
R770 albedo parameter. 
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high-relief polar cliffs where flow conditions are 
optimal and finite-element models suggest flow 
rates that exceed mass wasting rates [52, 53] and 
mid-latitude viscous flow features (e.g., Fig. 4-4) 
that have clearly flowed extensively despite 
theoretical expectations of much lower 
deformation rates. Emphasis is placed on 
detection of small-scale changes, in part, owing 
to HiRISE aging (see §8.3.3). Denser SHARAD 
coverage to enable 3D radar imaging of their 
interiors to determine ice thickness and layering 
(see §3.2) will also be acquired.  
iInv. #9: Characterize Seasonal Ice Processes. 

MRO’s extended missions enable investigation of 
the current climate processes and their interan-
nual variability as reflected in surface changes. 
Accumulation of seasonal frost on northern high-
latitude dunes leads to slope failures and the 
formation of alcoves [54, 55], which are a proxy 
record of seasonal frost mass, and the total 
population represents a multi-year average of this 
quantity. In EM5, we began HiRISE and MCS 
coordinated observations of four sites to 
document new dune alcove formation plus 
surface temperatures and aerosols indicative of 
CO2 snowfall and the onset of CO2 surface frost. 
In EM6, we will measure the alcove removal rate 
and interannual variability of frost, snowfall, and 
alcove formation and add four new study sites.  

Recent HiRISE images of mid-latitude dunes 
reveal defrosting features distinct from those of 
polar dunes. In EM6, MRO will acquire CTX, 
HiRISE, and MCS observations of defrosting 
variation to understand spatial and temporal dif-
ferences in frost processes, their physical drivers, 
volatile flux, and energy balance. Defrosting and 
atmospheric conditions will be studied as a func-
tion of latitude (which also serve as a proxy for 
one site under varying orbital conditions). 

Repeat HiRISE images of fans on defrosting 
terrain (e.g., Fig. 4-5, left) provide information 
about near-surface winds [56]. In EM6, HiRISE 
will acquire sequences of images to help distinguish 
between seasonal wind variability and wind pattern 
shifts due to local and global dust storms [57].  

Seasonal avalanches on steep north polar cliffs 
have occurred throughout the mission at relatively 
steady rates that sharply decreased in MY36. In 
EM6, HiRISE will perform high frequency imag-
ing of the most active avalanche sites to determine 
if this decrease in occurrence rate persists. 

Coordinated CRISM observations (acquired 
through a funded OG; §12.1) can distinguish 
H2O and CO2 frosts. Interactions between CO2 
and H2O ice have been hypothesized to be a key 
driver for processes that lead to geomorphic 
activity, and this can be tested given systematic 
coverage in space and time [58]. 
iInv. #10: Constrain the Nature and Extent of 

Mid-latitude Ices. Mid-latitude ice provides an 

   
Figure 4-5. Distinct seasonal defrosting activity exists despite a common sandy substrate and CO2 ice thickness. Observing these 
processes will enable testing hypotheses regarding near-surface winds and their variability with season and/or regional or global 
weather events.  (Left) CO2 ice cracks allow particle ejection and deposition into fans. (Center) Defrosting features follow dune 
contours. (Right) Sublimation spots with wide halos. 

 
Figure 4-4. MRO will search for flow by systematically re-imaging 
ice-related features. This stereo-derived topography of a glacial 
feature at 47S 55E dates to >13 years ago. 

ESP_051858_2610  
81 ºN, Ls 49 

ESP_067529_2385  
58 ºN, Ls 335. 

ESP_064847_1115  
68 ºS, Ls 209 
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high-relief polar cliffs where flow conditions are 
optimal and finite-element models suggest flow 
rates that exceed mass wasting rates [52, 53] and 
mid-latitude viscous flow features (e.g., Fig. 4-4) 
that have clearly flowed extensively despite 
theoretical expectations of much lower 
deformation rates. Emphasis is placed on 
detection of small-scale changes, in part, owing 
to HiRISE aging (see §8.3.3). Denser SHARAD 
coverage to enable 3D radar imaging of their 
interiors to determine ice thickness and layering 
(see §3.2) will also be acquired.  
iInv. #9: Characterize Seasonal Ice Processes. 

MRO’s extended missions enable investigation of 
the current climate processes and their interan-
nual variability as reflected in surface changes. 
Accumulation of seasonal frost on northern high-
latitude dunes leads to slope failures and the 
formation of alcoves [54, 55], which are a proxy 
record of seasonal frost mass, and the total 
population represents a multi-year average of this 
quantity. In EM5, we began HiRISE and MCS 
coordinated observations of four sites to 
document new dune alcove formation plus 
surface temperatures and aerosols indicative of 
CO2 snowfall and the onset of CO2 surface frost. 
In EM6, we will measure the alcove removal rate 
and interannual variability of frost, snowfall, and 
alcove formation and add four new study sites.  

Recent HiRISE images of mid-latitude dunes 
reveal defrosting features distinct from those of 
polar dunes. In EM6, MRO will acquire CTX, 
HiRISE, and MCS observations of defrosting 
variation to understand spatial and temporal dif-
ferences in frost processes, their physical drivers, 
volatile flux, and energy balance. Defrosting and 
atmospheric conditions will be studied as a func-
tion of latitude (which also serve as a proxy for 
one site under varying orbital conditions). 

Repeat HiRISE images of fans on defrosting 
terrain (e.g., Fig. 4-5, left) provide information 
about near-surface winds [56]. In EM6, HiRISE 
will acquire sequences of images to help distinguish 
between seasonal wind variability and wind pattern 
shifts due to local and global dust storms [57].  

Seasonal avalanches on steep north polar cliffs 
have occurred throughout the mission at relatively 
steady rates that sharply decreased in MY36. In 
EM6, HiRISE will perform high frequency imag-
ing of the most active avalanche sites to determine 
if this decrease in occurrence rate persists. 

Coordinated CRISM observations (acquired 
through a funded OG; §12.1) can distinguish 
H2O and CO2 frosts. Interactions between CO2 
and H2O ice have been hypothesized to be a key 
driver for processes that lead to geomorphic 
activity, and this can be tested given systematic 
coverage in space and time [58]. 
iInv. #10: Constrain the Nature and Extent of 

Mid-latitude Ices. Mid-latitude ice provides an 

   
Figure 4-5. Distinct seasonal defrosting activity exists despite a common sandy substrate and CO2 ice thickness. Observing these 
processes will enable testing hypotheses regarding near-surface winds and their variability with season and/or regional or global 
weather events.  (Left) CO2 ice cracks allow particle ejection and deposition into fans. (Center) Defrosting features follow dune 
contours. (Right) Sublimation spots with wide halos. 

 
Figure 4-4. MRO will search for flow by systematically re-imaging 
ice-related features. This stereo-derived topography of a glacial 
feature at 47S 55E dates to >13 years ago. 

ESP_051858_2610  
81 ºN, Ls 49 

ESP_067529_2385  
58 ºN, Ls 335. 

ESP_064847_1115  
68 ºS, Ls 209 

Understanding the 
Distinct Patterns 

of Seasonal 
Defrosting

Mars Exploration Program FY23-25 Mars Reconnaissance Orbiter 
EM6: Mars Fundamentals for Future Exploration Section 4—Proposed Extended Mission Science Objectives  

18 
Use or disclosure of information contained on this sheet is subject to the restrictions on the Restrictive Notice page of this proposal. 

high-relief polar cliffs where flow conditions are 
optimal and finite-element models suggest flow 
rates that exceed mass wasting rates [52, 53] and 
mid-latitude viscous flow features (e.g., Fig. 4-4) 
that have clearly flowed extensively despite 
theoretical expectations of much lower 
deformation rates. Emphasis is placed on 
detection of small-scale changes, in part, owing 
to HiRISE aging (see §8.3.3). Denser SHARAD 
coverage to enable 3D radar imaging of their 
interiors to determine ice thickness and layering 
(see §3.2) will also be acquired.  
iInv. #9: Characterize Seasonal Ice Processes. 

MRO’s extended missions enable investigation of 
the current climate processes and their interan-
nual variability as reflected in surface changes. 
Accumulation of seasonal frost on northern high-
latitude dunes leads to slope failures and the 
formation of alcoves [54, 55], which are a proxy 
record of seasonal frost mass, and the total 
population represents a multi-year average of this 
quantity. In EM5, we began HiRISE and MCS 
coordinated observations of four sites to 
document new dune alcove formation plus 
surface temperatures and aerosols indicative of 
CO2 snowfall and the onset of CO2 surface frost. 
In EM6, we will measure the alcove removal rate 
and interannual variability of frost, snowfall, and 
alcove formation and add four new study sites.  

Recent HiRISE images of mid-latitude dunes 
reveal defrosting features distinct from those of 
polar dunes. In EM6, MRO will acquire CTX, 
HiRISE, and MCS observations of defrosting 
variation to understand spatial and temporal dif-
ferences in frost processes, their physical drivers, 
volatile flux, and energy balance. Defrosting and 
atmospheric conditions will be studied as a func-
tion of latitude (which also serve as a proxy for 
one site under varying orbital conditions). 

Repeat HiRISE images of fans on defrosting 
terrain (e.g., Fig. 4-5, left) provide information 
about near-surface winds [56]. In EM6, HiRISE 
will acquire sequences of images to help distinguish 
between seasonal wind variability and wind pattern 
shifts due to local and global dust storms [57].  

Seasonal avalanches on steep north polar cliffs 
have occurred throughout the mission at relatively 
steady rates that sharply decreased in MY36. In 
EM6, HiRISE will perform high frequency imag-
ing of the most active avalanche sites to determine 
if this decrease in occurrence rate persists. 

Coordinated CRISM observations (acquired 
through a funded OG; §12.1) can distinguish 
H2O and CO2 frosts. Interactions between CO2 
and H2O ice have been hypothesized to be a key 
driver for processes that lead to geomorphic 
activity, and this can be tested given systematic 
coverage in space and time [58]. 
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locations acquired in 2007–2008, focused on 
comprehensive detection of surface changes that 
have occurred over 14–18 yr (see also §8.3.3). 

Second, photometry is a potentially powerful 
tool for detecting subtle changes but has been 
largely neglected in past analyses of HiRISE 
images due to lack of simultaneous atmospheric 
column optical depth retrievals. Relative 
photometry has sometimes been used, ratioing a 
dynamically changing location to a nearby 
location assumed to be static, which has 
informed the fading of new impact blast zones 
[67] and the behavior of RSL [68]. In EM6, MCS 
will produce a new standard product: dust 
optical depths specific to the times and places of 
MRO observations. This is the key information 
needed to normalize HiRISE image brightness 
(along with DTMs over sloping terrains) to 
extract quantitative color and albedo. 
Condensate hazes can also obscure the surface, 
but are obvious in color images and can be 
avoided. These normalized images will facilitate 
comparison with the ExoMars TGO-CaSSIS [69] 
images acquired at different times of day.   
iInv. #11: Active Slope Processes. Gullies 

(Fig. 4-7), RSL, dust or rock avalanches, slumps, 
and rockfalls are all highly active today on Mars. 
Here we discuss non-polar activity; see Goal B for 
icy processes. Gullies, RSL, and slope streaks have 
been considered to be related to the action of 
water by past studies, but MRO-based efforts to 
test those hypotheses have shown dry processes to 
be the best model for present-day activity [59, 70], 
although water may have played a role in the past 
[71, 72]. Nevertheless, debates persist and 
continued monitoring will provide the data 
necessary for further tests. In EM6, we will 
continue tracking the waning of RSL activity since 
the 2018 PEDE to observe a full RSL/dust storm 
time cycle, a potentially critical factor for dry 
models. For gullies, we will better document the 
spatial and temporal distribution of activity rates, 
including an increasing number of repeatedly-
active individual gullies, to understand driving 
processes. In addition, MRO will conduct 3 new 
searches: (1) sites of gully initiation, especially in 
association with RSL, which can tell us whether 
current processes fully account for gully 
formation; (2) gully deposits over frost (Fig. 4-7), 
which gives us the most detailed information 
about initiation points and shapes of the flows; 

and (3) sites of topographic slumping that may 
be driven by RSL activity [73, 74], given that RSL 
may be active for >100 MY [75]. These 
observations will enable mapping the global 
distribution of both features, which has possible 
implications for Planetary Protection of landing 
sites as a debate persists concerning the role of 
liquid water in their formation. 
iInv. #12: Active Aeolian Processes. Repeat 

HiRISE imaging shows that wind-driven bedforms 
are regionally and seasonally active on Mars today 
(Fig. 4-8) with substantial variations in sand dune 
and ripple sediment fluxes (Fig. 3-7). Certain 
bedforms hypothesized to be relict landforms were 

 
Figure 4-7. Gully changes are most easily identified when they 
occur over frosted surfaces. These defrosted observations will be 
used to test gully formation hypotheses. HiRISE images 
ESP_022688_1425 (left) and ESP_027567_1425 (right; in 
shadow over a frosted surface). 

 
Figure 4-8. Ripple displacement mapping using seasonal HiRISE 
images would constrain the magnitude, timing, and direction of 
local winds, as in this example of a dune field under an 
orthogonal wind regime. Orange & cyan boxes are 0.6 km-wide. 
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Inv. #16: Understand the Source and Effects of 
Gravity Waves. Few atmospheric models are able 
to explicitly resolve gravity wave generation and 
propagation, and yet knowledge of their 
momentum and energy deposition as a function 
of altitude is critical to defining the larger-scale 
circulation features. Observational constraints, 
though difficult to achieve, are especially useful. 

During EM6, MARCI will continue to record 
wave phenomena such as lee wave clouds and 
perihelion cloud trails (§3.4, Inv. #13). MCS will 
continue dedicated campaigns of 57-s sets of limb 
views on the dayside and nightside of each orbit 
to resolve gravity waves in the lower and middle 
atmosphere with horizontal wavelengths of ∼65–
260 km and vertical wavelengths of 5–10 km; 
these can be compared to gravity wave databases 
from on-planet observations [102]. By observing 
different parts of the gravity wave spectrum, it is 
possible to distinguish between different wave 
sources (orographic, convective plumes, 
baroclinic activity) [103, 104] so that models can 
assess their impact on middle and upper 
atmospheric dynamics [105]. 

Figure 4-10 shows an example of gravity waves 
during high and low dust activity periods in MYs 
28 and 35, respectively; activity close to the 
surface is higher during MY35 than MY28. In 

MY35, gravity wave activity is present in the sum-
mer (southern) tropics and extra tropics near the 
surface, with the strongest waves in the tropics. 
There is also significant gravity wave activity in 
the winter extra-tropics, but strongest around 
60 N, near the edge of the winter polar vortex.  

A central purpose of continuing the 
campaigns is to map the gravity wave activity 
detected in limb observations at higher 
horizontal resolution, improving from 5 5 30  
latitude/longitude/Ls resolution to 2 2 30 . 
The improved resolution allows identification of 
gravity wave sources associated with the 
individual Tharsis Montes, for example.  

Inv. #17: Understand Middle Atmosphere 
Processes. MCS and MARCI provide important 
observations and context for the middle 
atmosphere: temperatures, increased local time 
coverage, aerosol profiles, dust storm activity.   

As demonstrated in EM5 (§3.4, Inv. #16, 
Fig. 3-10), the amount of water (H) lost to space 
is dependent on the temperature and thus dust 
loading of the middle atmosphere. To estimate 
water loss over time, then, one must also estimate 
the dust activity [106, 107]. To quantify this 
interaction further in EM6 for different dust 
activity and a different part of the solar cycle, 
MRO (middle atmosphere aerosols and 
temperature), TGO (solar occultation 
measurements of water vapor), and MAVEN 
(upper atmosphere hydrogen concentration) will 
view the same atmospheric column when 
permitted by their different orbits. At other 
times, MRO will provide temperature and water 
ice opacity to assess the saturation state of the 
atmosphere [108], delineation of transport 
pathways, and possible heterogeneous removal 
of HO2 and OH on water ice cloud particles 
[109]. Standard MCS profiles provide the 
needed constraints on the modeling processes in 
the middle atmosphere. 

The MRO EM6 investigations will provide a major advance in 
our understanding of key processes that is needed to address 
the high-level questions posed by Visions and Voyages, 2011. 

 
Figure 4-10. Identifying different wave sources that may transport 
energy through the atmosphere is possible through measuring 
gravity wave activity. Here, zonally averaged gravity wave activity 
is expressed as the log10 of potential energy per volume (J/m3) 
during the 2007 PEDE (top, MY28) and a period without a major 
dust event (bottom, MY35). It shows that gravity wave energy 
in the tropics is about 2 orders of magnitude larger in MY35 
compared to MY28 (~10-5 is the detection level/measurement 
uncertainty). New Impact Craters 

near InSight

Observing Mars 
dust storms for a 
9th Mars Year –

establishing 
patterns of 
occurrence



February 3, 2022 MRO Presentation to MEPAG VM14 8
1

FM2 Browse Product
R: BD530; G: BD920; B: BDI1000VIS
R770 - CB-Specral color ramp 
BAL0 (Reconciled I/F - linear optimization)
← R770 on rainbow color ramp
↓ FM2 browse product (ferric/ferrous mineralogy/grain size)

(R:BD530, G:BD920, B:BDI1000VIS)
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11. Test Hypotheses for Active Slope 
Processes (HiRISE, CTX)

12. Test Hypotheses for Active Aeolian 
Processes (HiRISE + CTX +  MARCI) 

13. Test Hypotheses about Impact 
Cratering (CTX + HiRISE)

14. Track Current Climatology & Weather 
(MCS + MARCI + CTX + HiRISE)

15. Understand Energy, Momentum & 
Mass Transport thru the Atmosphere 
(MARCI + MCS + Joint Observations) 

16. Understand the Source and Effects of 
Gravity Waves (MCS + MARCI)

17. Understand Middle Atmosphere 
Processes (MCS +  MARCI  + TGO + 
MAVEN)

Ø Mars Fundamentals for Future Exploration           EM6:  FY23-25
Ø 17 Investigations addressing processes operating throughout Mars history

MRO 6th Extended Mission Science Investigations

1. Understand Layered Sediments (HiRISE + 
SHARAD)

2. Understand formation mechanisms of hydrated 
mineral exposures (HiRISE)

3. Understand Ionospheric Response to Solar 
Events; Map Crustal Magnetic Field (SHARAD)

4. Investigate Late Fluvial Activity (HiRISE + 
SHARAD)

5. Establish Volcanic Evolution & Potential for 
Present Activity (HiRISE + CTX + SHARAD)

6. Investigate Potential Caves (HiRISE +SHARAD)
7. Enable Co-Analysis with Landed Assets (All)
8. Investigate Perennial Ice (HiRISE + SHARAD + 

CTX + CRISM/Over-Guide)
9. Characterize Seasonal Ice (All including C/OG)

10. Constrain the nature & extent of mid-latitude 
ice (HiRISE + SHARAD + MCS + CTX)

Requires:
• Frequent observations in every season by every instrument;
• Integration of daily global observing, survey, and rolled high-resolution targeted observations;
• Return of large data volumes (>50 Tb in EM6).
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MRO Issues – In-Guide Budget

Project has new cost challenges and issues
• Science:  Fewer Co-I’s funded; less funding for those that get support; analysis largely funded outside 

MRO; focus is on acquiring the right data

• GDS:  To achieve compliance with cyber-security requirements requires operating system upgrades 
and patches, MMOLMWEB overhaul, and hardware replenishments for failed/end of life or systems 

• PDS:  Must archive EM6 science data in PDS4 format  

• SPD-41 potentially requires future unfunded mandates
o Converting all prior MRO data archived to PDS to PDS4 format (est. ~ a few $M)
o Archiving all data product software (production pipelines) in an appropriate archive (unknown cost)

• Despite their value, without added funding, this diverts support from collecting useful science 
data.

Declining NOA and rising costs to deal with 
an aging spacecraft & legacy ground system 
impacts science 
Figure:
• Science teams budget (including bypass); no 

adjustment for inflation
• EBS = Everything but science (Flight, MOS, GDS, etc.)
• NOA = New Obligational Authority
• NASEM => Report recommendation to keep extended 

mission funding after the first 2 extensions flat in 
constant $ (i.e., cover inflation)
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  FY20   FY21   FY22   FY23   FY24   FY25

NASEM Recommendation
(includes inflation)

In-Guide NOA

Everything But Science on MRO

MRO Science Investigations

EM5 EM6

$M



MRO Issues –Budget

• To meet in-guide budget guideline, MRO PSG (reluctantly) recommended to the 
PMSR closing out the CRISM Science Investigation
o CRISM last (of 3) cyro-coolers failed in 2017 => no useful IR spectrometer data
o VNIR spectrometer operable, but limited gimbal range makes high-resolution targeting difficult
o Team building new high-resolution, hyperspectral CRISM VNIR mineral survey. 

§ In-Guide budget does cover production of the new VNIR map in FY23 as part of the 
investigation close-out

o Few other options to absorbing the budget hit; assessed that 23% decrease across the board 
was more damaging overall to the mission science.

• OG1:  MRO requested an over-guide to continue CRISM Investigation via a high-
latitude mapping of seasonal water and carbon dioxide ice
• Directly addresses MRO goal of Mars Ice Evolution by systematic mapping of water and carbon 

dioxide ice deposition and sublimation at high latitude.
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caps, including grain size changes and 
relationship to geography. As its main 
observing objective, CRISM will obtain 
nearly complete maps of illuminated 
seasonal caps every 30° of Ls, 
distinguishing CO2 and H2O ices at 
180 m/pixel, that can be analyzed together 
with MCS measurements of surface 
temperature at 6–7 km/pixel.  

The CRISM team has demonstrated in 
a pilot study [5] that this is possible using 
CRISM VNIR (0.4–1.05 µm) wavelengths 
alone because (a) H2O ice exhibits VNIR 
overtone absorptions, particularly at 1.02 
µm, and (b) even traces of dust mixed into 
CO2 and H2O ices create correlations 
between ferric band depths and spectral 
continua (defined using four “summary 
products” of the form shown in Fig. 12-1 [6] and 
defined in bold below) that are different from each 
other and from those in martian soil. Modeling 
mixtures of martian dust with CO2 ice [7] and 
H2O ice [8] show that even 0.01% dust imparts a 
strong BD530 (nanophase ferric absorption) with 
a much smaller RBR (red-blue ratio) than in dust.  

This is evident in Fig. 12-1b, where dust-
containing H2O ice spectra ratioed to dust has a 
blue slope in the visible. BD530 is stronger in 
“dirty” H2O ice than in CO2 ice, due to the convex-
upward curvature of the spectrum of CO2 ice [7]. 
CO2 ice also has an concave-upward shape near 
800 nm that can be parameterized with a (new) 
third summary product, BD800. A fourth (new) 
summary product, BDI1020, measures the 
1020 nm H2O ice absorption. Albedo and spectral 
shape depend on ice grain sizes, which can be 
recovered by fitting observed spectra to models 
(e.g., [7, 8]). 

Methods and Testing. Mapping of ices using 
CRISM VNIR data was tested using the 
four summary products described above, 
comparing results against direct detections using 
SWIR wavelengths (Fig. 12-2). There is a one-to-
one correspondence between VNIR and SWIR 
detections with a few caveats: a) A mask of 
RBR  3 is used to separate ice from soil; thus icy 
soil is not detectable in the VNIR as it is in the 
SWIR; b) CRISM will not detect transparent CO2 
ice overlying soil by itself (i.e., cryptic terrain [9]) 
but MCS will remove this ambiguity by detecting 
the low temperature of the CO2 ice; c) H2O/CO2 

ice mixtures are not distinguishable from CO2 ice. 
Note that while very clean H2O ice can be 
confused with CO2 ice using the first 3 summary 
products, this ambiguity is resolved using 
BDI1020. 

Mapping Coverage. Figure 12-3 shows 
modeled coverage of the north polar cap near 
summer solstice over the planned mapping 
increment of 30° of Ls. Coverage is nearly 
complete at latitudes poleward of 60°.  

 
Figure 12-3. Simulation of CRISM coverage of the north polar 
region over four MRO 2-week planning periods, equivalent to 
30° of Ls. Coverage at latitudes above 60° is nearly complete 
over that time interval and symmertical with longitude. 

Data Delivery. This campaign will produce a 
a   the la  egi ns at latitu es ≥  

measured over every increment of 30° of Ls. As 
these are new data, they would be delivered in 
PDS4 format. 

With the CRISM team continuing to operate 
the VNIR spectrometer in EM6, there would also 
be opportunities to target a few locales at high 
spatial resolution (e.g., ATOs) for high-value 
scientific or programmatic purposes, such as the 
Gale and Jezero crater areas (Inv. #7, §4.1). 

 
Figure 12-2. Comparison of CRISM H2O and CO2 ice mapping results using 
VNIR+IR wavelengths (center column) vs. VNIR-only wavelengths (right 
column), for 2 observations in the pilot study. Left column = auto-stretched 
visible image. Center column = map of ice phases using VNIR+IR 
wavelengths. Right column = map of ice phases using only VNIR 
wavelengths.  
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caps, including grain size changes and 
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observing objective, CRISM will obtain 
nearly complete maps of illuminated 
seasonal caps every 30° of Ls, 
distinguishing CO2 and H2O ices at 
180 m/pixel, that can be analyzed together 
with MCS measurements of surface 
temperature at 6–7 km/pixel.  

The CRISM team has demonstrated in 
a pilot study [5] that this is possible using 
CRISM VNIR (0.4–1.05 µm) wavelengths 
alone because (a) H2O ice exhibits VNIR 
overtone absorptions, particularly at 1.02 
µm, and (b) even traces of dust mixed into 
CO2 and H2O ices create correlations 
between ferric band depths and spectral 
continua (defined using four “summary 
products” of the form shown in Fig. 12-1 [6] and 
defined in bold below) that are different from each 
other and from those in martian soil. Modeling 
mixtures of martian dust with CO2 ice [7] and 
H2O ice [8] show that even 0.01% dust imparts a 
strong BD530 (nanophase ferric absorption) with 
a much smaller RBR (red-blue ratio) than in dust.  
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“dirty” H2O ice than in CO2 ice, due to the convex-
upward curvature of the spectrum of CO2 ice [7]. 
CO2 ice also has an concave-upward shape near 
800 nm that can be parameterized with a (new) 
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summary product, BDI1020, measures the 
1020 nm H2O ice absorption. Albedo and spectral 
shape depend on ice grain sizes, which can be 
recovered by fitting observed spectra to models 
(e.g., [7, 8]). 

Methods and Testing. Mapping of ices using 
CRISM VNIR data was tested using the 
four summary products described above, 
comparing results against direct detections using 
SWIR wavelengths (Fig. 12-2). There is a one-to-
one correspondence between VNIR and SWIR 
detections with a few caveats: a) A mask of 
RBR  3 is used to separate ice from soil; thus icy 
soil is not detectable in the VNIR as it is in the 
SWIR; b) CRISM will not detect transparent CO2 
ice overlying soil by itself (i.e., cryptic terrain [9]) 
but MCS will remove this ambiguity by detecting 
the low temperature of the CO2 ice; c) H2O/CO2 

ice mixtures are not distinguishable from CO2 ice. 
Note that while very clean H2O ice can be 
confused with CO2 ice using the first 3 summary 
products, this ambiguity is resolved using 
BDI1020. 

Mapping Coverage. Figure 12-3 shows 
modeled coverage of the north polar cap near 
summer solstice over the planned mapping 
increment of 30° of Ls. Coverage is nearly 
complete at latitudes poleward of 60°.  
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PDS4 format. 

With the CRISM team continuing to operate 
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VNIR+IR wavelengths (center column) vs. VNIR-only wavelengths (right 
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VNIR OnlyVNIR + IR

Proposed CRISM Coverage 
every 30˚ of Ls

Comparing 
ability to 

distinguish CO2
from H2O ice at 
2 test locations
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MRO Technical Issue: HiRISE bit-flips

• HiRISE cannot keep raising FPE temperatures 
before imaging

§ Operational limits and risky to the electronics
§ Binning images helps (but lower resolution)

FPE temperature at which bit flips become minor has linearly 
increased over time (MRO orbit #): 2.5∘C increase per Earth year. 

Improvement (in 2019) of Red1_1 at FPE 
37 C : 54_54 (left) vs. 74_74 (right)

• New ADC sampling point selection has been 
shown to help mitigate (images above)

§ 74_74 reduced needed FPE-T by ~4 C in 
2020  (but back to prior state in ~1.6 years)

• >1000 ADC settings need to be tested to 
find the best choices

§ New commanding software to make this 
efficient is operational

§ Many new test images starting Feb 2022
§ Expect results and new settings in ~1 year
§ At least modest improvement already 

known to be possible

HiRISE ADCs produce bad data (bit flips) leading to useless 
images except when warmed up sufficiently. Bit flips have 
become steadily worse over time, mitigated until 2019 by 
raising the FPE starting temperature before imaging and by a 
new ADC setting since then.  Note:  Different detectors are 
degrading at different rates.



Full-res in full swath paused 
for ½ year while looking for 
better ADC settings

Depending on rate of degradation, 
Full-res in only center 33% of swath 
(i.e., the best performing CCDs)

All Full-res 
imaging  ends?

Full-res in center 3 CCDs; Bin-2 imaging increasingly dominates

Possible Future of HiRISE Imaging

2022 2023 2024 2025 2026 2027

EM6 EM7

2028

EM5

Full-res over full swath possible

• For science, Bin-2 images (~0.6 m/pixel) are still superior to anything else flying in 
Mars orbit (Tienwen-1 at periapsis may come close).  Bin-2 covers 4 times as much 
Mars surface for the same data volume as Bin-1, so more coverage at high resolution.

• The 1 meter-scale hazard value of Bin-2 images is greatly reduced from that of Bin-1 
images, making it difficult to fully characterize/certify future landing sites.

• After EM7, maybe best to only return data from center red CCDs (which overall have 
the best performance) while including BG and IR CCDs for color, all binned, and 
accept the risk of higher temperatures. 

I-MIM launch?



Summary

• Flight System is in very good health.  
o Currently fully functional in all operational modes; expected to be fully capable of carrying out  

EM6 (FY23-FY25) proposed activities

• Ground Data System (“Legacy”) striving to meet evolving IT Security requirements

• Science:  
o With the in-guide budget, HiRISE, CTX, MARCI, MCS, SHARAD can acquire the data 

needed for the 17 investigations proposed for EM6
§ Analysis will continue to need funding outside the project (as reflected in the         

publication count)

o More can be done if the over-guide to continue CRISM observations (high-latitude, systematic 
mapping of seasonal ices) is approved

• Programmatic:  
o Electra:  No issues with regard to relay support for M2020, MSL, InSight, Exomars
o ExoMars EDL will be covered—MRO will capture EDL telemetry

§ Shift in LMST to 3 p.m. will keep MRO in the proper LMST corridor for science (3 p.m. ± 15 min.)

o HiRISE bit-flip degradation may affect hazard detection by end of EM6.

MRO is ready to conduct its proposed 6th Extended Mission.
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