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Topic Presenter PT ET
Intro from HQ Thorsten Markus 8:30 - 8:40 11:30 - 11:40
Intro to DS and STV Andrea Donnellan 8:40 - 8:50 11:40 - 11:50
Overview of SATM David Harding 8:50 - 9:00 11:50 - 12:00
Land Ice Needs and Targeted Observables Alex Gardner 9:00 - 9:30 12:00 - 12:30
Sea Ice Needs and Targeted Observables Ron Kwok 9:30 - 9:50 12:30 - 12:50
BREAK 9:50 - 10:00 12:50 - 1:00
How to think about what we need Alex Gardner 10:00 - 10:10 1:00 - 1:10
Review of Key DS White Papers Alex Gardner 10:10 - 10:20 1:10 - 1:20
Summary of needs and community input Alex Gardner 10:20 - 12:00 1:20 - 3:00
  land ice 
    fast moving outlet glaciers 10:20 - 10:50 1:20 - 1:50
    slow moving interior ice 10:50 - 11:00 1:50 - 2:00
    floating ice shelves 11:00 - 11:10 2:00 - 2:10
    large mountain glaciers 11:10 - 11:20 2:10 - 2:20
    static topography 11:20 - 11:30 2:20 - 2:30
  sea ice
    smooth ice 11:30 - 11:45 2:30 - 2:45
    rough ice 11:45 - 11:55 2:45 - 2:55
wrap up 11:55 - 12:00 2:55 - 3:00
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STV Cryosphere Breakout Agenda (July 21, 2020)



Intro from 
HQ



Step 1: Identify ice sheet, ice shelf, glacier and sea ice 
topography measurements that are needed to answer 
key science questions posed by the Decadal Survey

Step 2: Review current technologies and assess readiness 
to address identified needs

Step 3: Make recommendations to NASA HQ, via white 
paper, outlining measurement needs and technology gaps. 

What STV Cryo is tasked with doing

Alex Gardner, JPL



1. How will sea level change, globally and regionally, over 
the next decade and beyond? [S-3, C-1] [Most 
Important]

2. What will be the consequences of amplified climate 
change in the Arctic and Antarctic? [C-8] [Very 
Important]

Guided by two overarching Decadal Survey 
questions:

Alex Gardner, JPL



1. How will sea level change, globally and regionally, 
over the next decade and beyond? [S-3, C-1] [Most 
Important]

2. What will be the consequences of amplified climate 
change in the Arctic and Antarctic? [C-8] [Very 
Important]

Guided by two overreaching Decadal Survey 
questions:

Alex Gardner, JPL



Historic sea 
level change 

Frederikse, in press



Greenland Ice Sheet

NASA / E. Rignot

ice lost through 
melt and calving



Greenland Ice Sheet

*

* Approximately 35 Gt/yr from peripheral glaciers



Antarctic Ice Sheet

NASA / E. Rignot

>95% of all ice lost 
through ice flow to 
ocean 



Antarctic Ice Sheet

* Approximately 8 Gt/yr from peripheral glaciers

*



Mountain Glaciers (shown in yellow)

Gardner et al., 2013



Global glacier loss: 2002-2019
~250 to 350 Gt yr-1

Gardner et al., 2013
Ciracì et al, 2020
Wouters et al, 2019



How will sea 
level change, 
globally and 
regionally, over 
the next decade 
and beyond?

Palmer et al (2020)



Uncertainties 
in projections

Palmer et al (2020)



Uncertainties 
in projections

Palmer et al (2020)

Land ice change is the 
largest source of 
uncertainty in GMSL 
projections



• Sea level budget closure is necessary but not sufficient
• Requires advancement in understanding of key time-

evolving processes that regulate ice flow, and 
exchanges of mass and energy at boundaries between 
ice-and-ocean and ice-and-atmosphere

What’s needed to make progress ?

Alex Gardner, JPL



It’s about improving understanding of key 
processes

SROCC



Key glacier process that STV can play a role in 
refining our understanding

• Glacier sliding
• Surface mass balance 
• Ice shelf and glacier calving
• Ice shelf melting by ocean
• Pre-existing ice sheet imbalance
• Grounding zone mechanics 

• Shear margin mechanics
• Hydrofracture
• Bedrock topography
• Ice flexure
• Ice fracture
• Basal hydrology

Alex Gardner, JPL



The power of repeat satellite measurements 
of surface height to reveal process driving 
glacier change.

Alex Gardner, JPL



Change in 
ice sheet 
topography

Smith et al. 2020



March 2016

Worldview DEMs from DigitalGlobe Imagery

Vavilov Ice Cap

Willis et al., 2018



Worldview DEMs from DigitalGlobe Imagery

Grounded Ice
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Grounded Ice
Partially Floating

Willis et al., 2018



Ice shelf 
topography

Shean et al., 2019



Thickness Spatial gradients

Paolo et al., in prep

Ice shelf 
topography



Climate record

Paolo et al., in prep



Paolo et al., in prep

Filchner-Ronne Ice Shelf

Melt rate anomalies
(26-year mean removed)

M
et

er
s o

f i
ce

 p
er

 y
ea

r



Pine Island catchment 

Nilsson et al., in prep



• Data Fusion 
• Science driven application of machine learning
• Model inversion 

Future of repeat surface elevation 
measurements from space:

Alex Gardner, JPL



Altimetry-Gravimetry Joint 
Inversion of Mass Change 

David Wiese, Alex Gardner, Nicole-Jeanne Schlegel, Johan Nilsson, Fernando Paolo

Trend in Antarctic mass from GRACE, Altimetry, joint-
inversion, and Downscaled solution [NO FIRN CORRECTION]



Alex Gardner, JPL



Alex Gardner, JPL



Alex Gardner, JPL



Utilizing timeseries to invert for ice properties



Ice sheets are predictable but progress in 
understanding needs to accelerate at a rate faster 
than the ice sheets themselves !!!

Alex Gardner, JPL



Mercer, 1978

“I contend that a major disaster—a rapid 5-meter rise in sea level caused by 
deglaciation of West Antarctica—may be imminent or in progress after 
atmospheric CO2 content has only doubled” Mercer, 1978. Nature



It is our job to articulate the next generation of 
surface topography measurement needs that will 
lead to rapid advances in our understanding of 
land ice processes that are necessary to refine 
projections of sea level chnage

Alex Gardner, JPL



Land Ice measurement needs

Can be broken down into four target surfaces:
1. Fast Moving portions of Ice Sheets and Ice Caps
2. Slow Moving portions of Ice Sheets and Ice Caps 
3. Ice Shelves
4. Mountain glaciers 

Alex Gardner, JPL



Measurement needs

For each surface we need to define
1. Spatial scales
2. Temporal repeat
3. Measurement accuracy and precision

Also need to think about applications needs
- Sea ice mapping and classification
- Ice bergs
- May have unique latency and rapid response requirements 

Alex Gardner, JPL



Ron Kwok
Polar Science Center

Applied Physics Laboratory
University of Washington

Seattle, WA



Topics

• Arctic Ocean ice thickness record 
(1960s – present)

• Sea ice freeboard, thickness, roughness
• Dynamic topography of the ice-covered 

oceans



Decline in multiyear sea ice coverage: 1999-2017

Polyakov et al. 2012, Kwok, 2018

decrease of >50%
covering 1/3 of Arctic Basin



Decline in sea ice thickness (Central Arctic Ocean):
(Submarine, AEM, CS-2, Operation IceBridge, and ICESat)

CryoSat-2 altimetry data are from ESA’ s data
portal ( URL: https://earth.esa.int)

Note:
Ice thickness 
is within this 
polygon

IS-2/CS-2



Decline in Arctic sea ice volume
Satellite era



1
2

3
Multi-beam Profiles of Sea Ice

From ICESat-2 

200 km

Transition from thick to marginal zone ice cover

Weddell Sea

October 17, 2018 – Ascending Track
N

N



Key Science Objectives: Polar Oceans

• Arctic
• Monitoring changes in sea ice thickness/volume
• Short term forecasts to climate projections/model improvements
• Dynamic topography

• Antarctic (Important focus)
• Monitoring changes in sea ice thickness/volume
• Limited retrievals and understanding of approaches

• Climate projections/model improvements
• Dynamic topography



Altimetry of the Polar Oceans



Altimetry of the Polar Oceans



Sea Ice Freeboard 
from Space:

Measurement 
Principle

Photo by N. UntersteinerPhoto by N. Untersteiner

Sea Ice Freeboard from Space
Measurement Principle



0 60 cm30



Sea Ice Thickness from Lidars
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Sea surface
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Radar Freeboard (from CS-2) hfradar
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Reconstruction of thickness from freeboard

freeboard

draft

graphics from Operation IceBridge:
NASA airborne mission



Sea ice Freeboard Requirements

• Provide surface elevations to enable the 
determination of sea-ice freeboard

• Key requirements
• Precision

• for accurate sea surface reference 
• Spot resolution

• 80% of leads are <50 m wide
• Coverage

• Monthly uniform coverage of ice-
covered oceans

Snow

Ice

Freeboard
Sea surface



Science: Polar Oceans

• Arctic
• Monitoring changes in sea ice thickness/volume
• Short term forecasts to climate projections/model improvements
• Dynamic topography

• Antarctic (Important focus)
• Monitoring changes in sea ice thickness/volume
• Limited retrievals and understanding of approaches

• Climate projections/model improvements
• Dynamic topography

• Snow depth (both oceans)
• Requires new technology



Topography of the ice-covered oceans



Break

Start @
10:00 am PT 
1:00 pm ET 

Alex Gardner, JPL



What do we need to rapidly advance the 
science ?

• ASPIRATIONAL QUALITY: What would enable a dramatic advance in cryosphere science 
objective; that is, what would ideally meet our needs?

• THRESHOLD QUALITY: What would enable an important advance, but not dramatic, in 
cryosphere science objective; that is, what would be a valuable improvement compared 
to what is now available or is expected to be available in this decade from planned 
programs or missions?

• How do we objectively make these decisions with sufficient traceability?
• Recommendations need to stand up to inter-discipline / inter-observation competition 

in a resource limited environment. More is always better, unless it leads to nothing.
• It’s our job to see that these observations are realized for the next generation of 

cryosphere science that will work to answer some of societies most pressing questions. 



So, how many measurements do 
we need? 



Example: Observing System Simulation 
Experiments (OSSEs) for glacier volume change



Minimum elevation change sampling required 
to resolve regional volume change

• Select 1000 random samples 
(with replacement) of 
decreasing sample size to 
determine standard error for a 
range of sample sizes

• Bin measurements of elevation 
change by elevation and weight 
by hypsometric area



# of spot elevations
60986

dh/dt
-0.35 ± 1.96 SE



# of spot elevations
20000

dh/dt
-0.35 ± 0.05 m yr-1



# of spot elevations
10000

dh/dt
-0.35 ± 0.07 m yr-1



# of spot elevations
5000

dh/dt
-0.35 ± 0.11 m yr-1



# of spot elevations
2500

dh/dt
-0.35 ± 0.15 m yr-1



# of spot elevations
1000

dh/dt
-0.35 ± 0.23 m yr-1



# of spot elevations
500

dh/dt
-0.35 ± 0.32 m yr-1



# of spot elevations
250

dh/dt
-0.35 ± 0.45 m yr-1



# of spot elevations
100

dh/dt
-0.35 ± 0.72 m yr-1
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Greenland m* = 0.5
Antarctic m* = 0.4
CAA North m* = 0.4
CAA South m* = 0.4
Svalbard m* = 0.6
Russian Arctic m* = 0.4
High Mountain Asia m* = 3.4

Random Spatial Sampling

σ* = hypsometry weighted standard deviation in dh
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Conclusion

• sparse elevation change measurements (~2 per 100 km2) provide 
accurate elevation changes

• Measurements must have representative spatial distribution



Other ways to justify needs

• Peer-reviewed literature 
• Community white papers
• National and international reports:
• Special Report on the Ocean and Cryosphere in a Changing Climate
• IPCC AR5

• Identify needs for future OSSE experiments or small studies to make 
objective / tracible recommendations



Summary of key whitepapers submitted to DS
• 6 of 151 RFIs directly pertain to STV Cryo



Summary of key whitepapers submitted to 
DS: Land Ice



Summary of key whitepapers submitted to 
DS: Land Ice



Smith et al. 2017



Summary of key white papers submitted to 
DS: Sea Ice



Summary of key whitepapers submitted to 
DS: Sea Ice

Kwok et al. 2017



Key Sea Ice Parameters

Kwok et al. 2017

Ice thickness distribution. Beyond 2021, there are currently no plans for another
altimeter suitable for fully mapping Arctic sea ice thickness. This is an important
consideration.

Coordinated observations: motion and thickness. Satellite retrievals of sea ice thickness and
motion are typically acquired independently with little consideration of the close links
between thermodynamic and dynamic processes that control ice conditions, which must be
treated realistically to improve predictive models. 



Conclusion

• White papers are very high-level and provide little guidance on 
specifics of measurement needs

• It is the job of the STV to refine the description of these identified 
needs



Simplified Cryo STV SATM
Area of Interest Coverage

(%)
Horizontal 

Resolution [m]

Repeat 
Accuracy 

(vertical) [m]

Repeat 
Frequency 

[days]

Latency 
[days]

Fast Moving portions 
of Ice Sheets and Ice 
Caps (outlet glaciers)

100%
80%

1-5 m
10 m
50m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Slow Moving portions 
of Ice Sheets and Ice 
Caps (interior ice)

80%
50%

1-5 m
200 m
500 m

0.1 m
0.005 m
0.01 m

90 days
30 days
90 days

10 days
30 days

Antarctic and 
Greenland Ice 
Shelves

100%
75%

1-5 m
10 m
50 m

0.1 m
0.005 m
0.01 m

90 days
5 days
10 days

10 days
30 days

All mountain glaciers 
larger than 50 km^2

100%
50%

1-5 m
10 m
25 m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Static Land Ice DEM 100%
90%

1 m
5 m

0.5 m
1 m

N/A N/A

Arctic and Southern 
Ocean Sea Ice Cover

100%
50%

100 m
500 m

0.01 m
0.02 m

5 days
10 days

10 days
30 days

 (1) from the Decadal Survey when provided, (2) aspirational and (3) threshold



Fast Outlet Glaciers
Area of Interest Coverage

(%)
Horizontal 

Resolution [m]

Repeat 
Accuracy 

(vertical) [m]

Repeat 
Frequency 

[days]

Latency 
[days]

Fast Moving portions 
of Ice Sheets and Ice 
Caps (outlet glaciers)

100%
80%

1-5 m
10 m
50m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Slow Moving portions 
of Ice Sheets and Ice 
Caps (interior ice)

80%
50%

1-5 m
200 m
500 m

0.1 m
0.005 m
0.01 m

90 days
30 days
90 days

10 days
30 days

Antarctic and 
Greenland Ice 
Shelves

100%
75%

1-5 m
10 m
50 m

0.1 m
0.005 m
0.01 m

90 days
5 days
10 days

10 days
30 days

All mountain glaciers 
larger than 50 km^2

100%
50%

1-5 m
10 m
25 m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Static Land Ice DEM 100%
90%

1 m
5 m

0.5 m
1 m

N/A N/A

Arctic and Southern 
Ocean Sea Ice Cover

100%
50%

100 m
500 m

0.01 m
0.02 m

5 days
10 days

10 days
30 days

 (1) from the Decadal Survey when provided, (2) aspirational and (3) threshold



Slow Moving Ice Sheet
Area of Interest Coverage

(%)
Horizontal 

Resolution [m]

Repeat 
Accuracy 

(vertical) [m]

Repeat 
Frequency 

[days]

Latency 
[days]

Fast Moving portions 
of Ice Sheets and Ice 
Caps (outlet glaciers)

100%
80%

1-5 m
10 m
50m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Slow Moving portions 
of Ice Sheets and Ice 
Caps (interior ice)

80%
50%

1-5 m
200 m
500 m

0.1 m
0.005 m
0.01 m

90 days
30 days
90 days

10 days
30 days

Antarctic and 
Greenland Ice 
Shelves

100%
75%

1-5 m
10 m
50 m

0.1 m
0.005 m
0.01 m

90 days
5 days
10 days

10 days
30 days

All mountain glaciers 
larger than 50 km^2

100%
50%

1-5 m
10 m
25 m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Static Land Ice DEM 100%
90%

1 m
5 m

0.5 m
1 m

N/A N/A

Arctic and Southern 
Ocean Sea Ice Cover

100%
50%

100 m
500 m

0.01 m
0.02 m

5 days
10 days

10 days
30 days

 (1) from the Decadal Survey when provided, (2) aspirational and (3) threshold



Ice Shelves
Area of Interest Coverage

(%)
Horizontal 

Resolution [m]

Repeat 
Accuracy 

(vertical) [m]

Repeat 
Frequency 

[days]

Latency 
[days]

Fast Moving portions 
of Ice Sheets and Ice 
Caps (outlet glaciers)

100%
80%

1-5 m
10 m
50m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Slow Moving portions 
of Ice Sheets and Ice 
Caps (interior ice)

80%
50%

1-5 m
200 m
500 m

0.1 m
0.005 m
0.01 m

90 days
30 days
90 days

10 days
30 days

Antarctic and 
Greenland Ice 
Shelves

100%
75%

1-5 m
10 m
50 m

0.1 m
0.005 m
0.01 m

90 days
5 days
10 days

10 days
30 days

All mountain glaciers 
larger than 50 km^2

100%
50%

1-5 m
10 m
25 m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Static Land Ice DEM 100%
90%

1 m
5 m

0.5 m
1 m

N/A N/A

Arctic and Southern 
Ocean Sea Ice Cover

100%
50%

100 m
500 m

0.01 m
0.02 m

5 days
10 days

10 days
30 days

 (1) from the Decadal Survey when provided, (2) aspirational and (3) threshold



Mountain Glaciers
Area of Interest Coverage

(%)
Horizontal 

Resolution [m]

Repeat 
Accuracy 

(vertical) [m]

Repeat 
Frequency 

[days]

Latency 
[days]

Fast Moving portions 
of Ice Sheets and Ice 
Caps (outlet glaciers)

100%
80%

1-5 m
10 m
50m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Slow Moving portions 
of Ice Sheets and Ice 
Caps (interior ice)

80%
50%

1-5 m
200 m
500 m

0.1 m
0.005 m
0.01 m

90 days
30 days
90 days

10 days
30 days

Antarctic and 
Greenland Ice 
Shelves

100%
75%

1-5 m
10 m
50 m

0.1 m
0.005 m
0.01 m

90 days
5 days
10 days

10 days
30 days

All mountain glaciers 
larger than 50 km^2

100%
50%

1-5 m
10 m
25 m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Static Land Ice DEM 100%
90%

1 m
5 m

0.5 m
1 m

N/A N/A

Arctic and Southern 
Ocean Sea Ice Cover

100%
50%

100 m
500 m

0.01 m
0.02 m

5 days
10 days

10 days
30 days

 (1) from the Decadal Survey when provided, (2) aspirational and (3) threshold



Static DEM
Area of Interest Coverage

(%)
Horizontal 

Resolution [m]

Repeat 
Accuracy 

(vertical) [m]

Repeat 
Frequency 

[days]

Latency 
[days]

Fast Moving portions 
of Ice Sheets and Ice 
Caps (outlet glaciers)

100%
80%

1-5 m
10 m
50m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Slow Moving portions 
of Ice Sheets and Ice 
Caps (interior ice)

80%
50%

1-5 m
200 m
500 m

0.1 m
0.005 m
0.01 m

90 days
30 days
90 days

10 days
30 days

Antarctic and 
Greenland Ice 
Shelves

100%
75%

1-5 m
10 m
50 m

0.1 m
0.005 m
0.01 m

90 days
5 days
10 days

10 days
30 days

All mountain glaciers 
larger than 50 km^2

100%
50%

1-5 m
10 m
25 m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Static Land Ice DEM 100%
90%

1 m
5 m

0.5 m
1 m

N/A N/A

Arctic and Southern 
Ocean Sea Ice Cover

100%
50%

100 m
500 m

0.01 m
0.02 m

5 days
10 days

10 days
30 days

 (1) from the Decadal Survey when provided, (2) aspirational and (3) threshold



Sea Ice
Area of Interest Coverage

(%)
Horizontal 

Resolution [m]

Repeat 
Accuracy 

(vertical) [m]

Repeat 
Frequency 

[days]

Latency 
[days]

Fast Moving portions 
of Ice Sheets and Ice 
Caps (outlet glaciers)

100%
80%

1-5 m
10 m
50m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Slow Moving portions 
of Ice Sheets and Ice 
Caps (interior ice)

80%
50%

1-5 m
200 m
500 m

0.1 m
0.005 m
0.01 m

90 days
30 days
90 days

10 days
30 days

Antarctic and 
Greenland Ice 
Shelves

100%
75%

1-5 m
10 m
50 m

0.1 m
0.005 m
0.01 m

90 days
5 days
10 days

10 days
30 days

All mountain glaciers 
larger than 50 km^2

100%
50%

1-5 m
10 m
25 m

0.1 m
0.05 m
0.1 m

90 days
5 days
10 days

10 days
30 days

Static Land Ice DEM 100%
90%

1 m
5 m

0.5 m
1 m

N/A N/A

Arctic and Southern 
Ocean Sea Ice Cover

100%
50%

100 m
500 m

0.01 m
0.02 m

5 days
10 days

10 days
30 days

 (1) from the Decadal Survey when provided, (2) aspirational and (3) threshold



Wrap-up 

• Thank you, thank you, thank you
• Next steps
• Community survey
• Further refinement of SATM and mapping to technologies
• White paper summarizing input

• Feel free to send Cryo related input and recommendations directly to 
me: alex.s.gardner@jpl.nasa.gov


