ICESaP Science Team Main Goals

1) Provide internal coordination within ST, PSO & HQ
A Status updates
A Complacency check

2) Stimulate collaboration within ST & across disciplines
A Science talks / posters / social events at meetings
A Cross-cutting themes

3) Ensure we maintain visibility of ICESat-2 mission
A Publishing/reviews/press releases/Op Eds/White papers

A Open Science

A Synergies/links with other missions

4) Looking forward: next 5 years of ICESat-2 & beyond
A Funding for Earth Science missions
‘ A ESAS Decadal Survey 2026-7
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Mahdi Navari, GSFC

Improving Greenland Ice Sheet surface mass balance
estimates by assimilation of ICESat-2 products
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Using ATLO3 to quantify photon
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Leveraging ICESat-2 altimetry for Antarctic subglacial lake
identification, evolution, and basal properties
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Tracing Antarctic freshwater: Coupling ICESat-2 observations of
subglacial lake fluxes with ice-shelf cavity models to quantify
Impacts on ice-ocean processes
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Monitoring Earth’s climate variables
with satellite laser altimetry

Lori A.Magruder@'? , Sinead L. Farrell®**, Amy h der’, Laura @2, Beata Csath

Sahra Kacimi @ ® & Helen A. Fricker”
Abstract Sections
Satellite laser altimetry measures accurate elevations of the Earth’s Introduction

surface and precise changes with time, monitoring key climate variables. | gackground
These observations have transformed understanding of the Earth

ling cl anddy icsacross spheres. In this Review,
we highlight the Earth and climate science contributions from three NASA

Cryosphere

h

Biosphere

aerosols; clouds,

satellite laser altimeter missions: Ice, Cloud and land Elevation Satellite | Hydrosphere = : P € 2 " J smokelt
(ICESat; 2003-2009), ICESat-2 (2018 to present) and Global Ecosystem | Atmosphere e " = [T >, ¥ g
Dynamics Investigation (GEDI; 2018 to present). Over two decades of Summary snd future sshdllow water N i . o ,

observations, satellite altimetry revealed cryosphere decline, including | perspectives - b athymetry
aloss 0of 320 Gt yr 'inglobal land ice from Greenland and Antarctica,

and a30% decrease in volume of winter sea ice in the Arctic between
2003 and 2021. Observations have also been key to understanding
ecosystems on land, providing data on the hydrosphere (showing that
57% of the Earth’s seasonal terrestrial water storage variability comes
from human-managed reservoirs) and biosphere (showing that forest
carbon stocks have globally increased owing to growth, despite a loss of
the equivalent of -8 Gt CO, from land use). In the atmosphere, the data
have enabled assessment of the global vertical cloud distribution, aerosol
fraction, and dust and smoke transport. There is currently no planned
satellite laser altimeter mission to continue from ICESat-2 and GEDI,
jeopardizing critical data collection that supports decision-making and
environmental management.
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and a30% decrease in volume of winter sea ice in the Arctic between
2003 and 2021. Observations have also been key to understanding
ecosystems on land, providing data on the hydrosphere (showing that
57% of the Earth’s seasonal terrestrial water storage variability comes
from human-managed reservoirs) and biosphere (showing that forest
carbon stocks have globally increased owing to growth, despite aloss of
the equivalent of -8 Gt CO, from land use). In the atmosphere, the data
have enabled assessment of the global vertical cloud distribution, aerosol
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Fig.1| Key climate variables monitored by satellite laser altimetry.
Observations from the Ice, Cloud and land Elevation Satellite (ICESat), ICESat-2
and Global Ecosystem Dynamlcs Investigation (GEDI) across the cryosphere,
biosphere, h h eaid fawide variety of
essential climate variablesincluding ice-sheet and glacier elevationand mass
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marine habitat propertles plankton and cloud cover. Climate variables that map
toaspecific mission quil arecircled. ISS, International Space
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Box 1

Basic principles of satellite laser altimetry

Full-waveform

Full-waveform laser altimetry, used in ICESat/GLAS and GEDI, records
all of the reflected energy from each transmitted laser pulse to create
a returned energy profile along the laser line of sight". This received
energy profile creates a waveform whose shape and size depends

on the vertical structure of the illuminated surfaces, the surface
reflectivity and the topography. An advantage of full-waveform
systems is that the data processing required for elevation and
geolocation determination is well understood””. The waveform has

a single peak for simple, unvegetated surfaces with low slopes, most
ice sheets and the ocean; the average range to the surface is from the
centroid of the transmit pulse to the centroid of a Gaussian fit to the
waveform® (see the figure, panel b). However, more complex surfaces
and vegetation lead to multiple peaks in the waveform, due to the
laser illuminating multiple surfaces at different elevations” (see the
figure, panel b). A range offset for each individual surface can be
derived from the timing of each peak relative to the time-tag of the
waveform leading edge. Full-waveform signal detection relies on
thresholds of thousands of photons returning to the receiver, which
requires a large amount of transmitted energy'®. This requirement on

laser power for signal detection constrains the possible repetition
rates of the laser, which affects the along-track resolution. GPS,
Global Positioning System; POD, precise orbit determination.

Photon-counting

Photon-counting laser altimetry, used in ICESat-2/ATLAS, removes
the dependence on signal thresholds, as its detection sensitivity

is at the single-photon level”. Each individual photon is assigned

a time-tag to calculate the range based on the laser energy time
of flight, and standard methods are used to provide a geodetic
position and elevation™”, Single-photon systems eliminate the need
for substantial laser power, allowing the laser to operate at higher
repetition rates and the energy from a single laser to be distributed
across multiple beams (see the figure, panel €). These operational
aspects of photon-counting systems provide expanded coverage
and improve the resolution of the along-track measurement. One
challenge of photon-counting laser altimetry is that the detector
records all incoming photons but does not distinguish between
true signal and ambient solar noise, so that complex algorithmic

approaches are required for signal finding when processing the data'’.

2 satellite Lg—{ﬁ b _ c | M Full-waveform Photon-counting
reference g 3 POD
point Altimeter GPS ICESat-2 Transmit
altitude laser pulse
vector Power Power
Trajectory
Photon event range
Position vector Instantaneous sea surface z ’g‘
of satellite height/floating ice surface 2 -, g
reference E] W
point = B o = P =
5 Sea surface height variability ® ‘i g
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Ele topography
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X ¥ c
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Earth ellipsoid

Table 1| Operational and instrumental parameters of NASA's
space-based laser altimeter systems

Parameters ICESat ICESat-2 GEDI

Altitude (mean value) 596km 500km 420km

Coverage +86° +88° +51.6°

Number of beams 1 6 4

Laser wavelength 532nm/1,064nm 532nm 1,064 nm

Lidar technology Full-waveform Photon- Full-
counting waveform

Laser repetition rate 40Hz 10kHz 242Hz

Along-track sampling 172m 0.7m 60m

Laser footprint 35-70m¢ Nm 25m

diameter

Laser energy per 70m) 0.03mJ/012m)*  Sml/10mJ°

pulse

Laser pulse width 4ns 1ns 14ns

Orbit inclination 94° g92° 51.6°

Track separation at 15km <2km after Variable

Equator Jyears

Ground track repeat 91days 91days N/A

cycle

Mission geolocation 4.5m 6.5m 10m

accuracy requirement

|CESat had variable laser footprint diameters for each of the operational lasers. JICESat-2 and
GEDI provide two energy levels across the multiple beams.
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Monitoring Earth’s climate variables

with satellite laser altimetry

Lori A.Magruder®'? , Sinead L. Farrell®**, Amy ?, Laura Di ©°, Beata C: o°,
Sahra Kacimi®® & Helen A. Fricker’
Abstract Sections

Satellite laser altimetry measures accurate elevations of the Earth’s
surface and precise changes with time, monitoring key climate variables.
These observations have transformed understanding of the Earth
System, revealing changes and dynamics across spheres. In this Review,
we highlight the Earth and climate science contributions from three NASA
satellite laser altimeter missions: Ice, Cloud and land Elevation Satellite
(ICESat; 2003-2009), ICESat-2 (2018 to present) and Global Ecosystem
Dynamics Investigation (GEDI; 2018 to present). Over two decades of
observations, satellite altimetry revealed cryosphere decline, including
aloss of 320 Gt yr'inglobal land ice from Greenland and Antarctica,
and a30% decrease in volume of winter sea ice in the Arctic between
2003 and 2021. Observations have also been key to understanding
ecosystems on land, providing data on the hydrosphere (showing that
57% of the Earth’s seasonal terrestrial water storage variability comes
from human-managed reservoirs) and biosphere (showing that forest
carbon stocks have globally increased owing to growth, despite a loss of
the equivalent of -8 Gt CO, from land use). In the atmosphere, the data
have enabled assessment of the global vertical cloud distribution, aerosol
fraction, and dust and smoke transport. There is currently no planned
satellite laser altimeter mission to continue from ICESat-2 and GEDI,
jeopardizing critical data collection that supports decision-making and
environmental management.
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Key Points

A NASA6s three satellite | aser
ICESat-2) have provided surface elevation data for monitoring
essential climate variables across the Earth system, at high spatial
and temporal resolution.

A | rcryospleere, ICESat and ICESat-2 observations revealed a

decline in sea ice thickness in the Arctic and a loss of land ice from

glaciers, the Greenland Ice Sheet and the Antarctic Ice Sheet, and
provided insights into the drivers of loss.

A | rbiosphese, ICESat, ICESat-2 and GEDI measured vegetation
structure and ground heights across all ecosystems to better quantify
changes to the biosphere in response to climatic and anthropogenic
forces.

A | rmydrosmhere, ICESat, ICESat-2 and GEDI inventoried and
monitored global water reservoirs and sea level changes including in
the Arctic Ocean. ICESat-2 provides nearshore bathymetry for benthic
mapping and coastal geomorphology.

A | mintdpeere, ICESat and ICESat-2 have provided vertical
structure of global clouds and aerosol layers critical to modelling
radiative luxes. They have also revealed substantial climate events
associated with dust storms and fire disturbances.
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Fig. 3| Global woody aboveground biomass density (AGBD) from GEDI and Harmonized Landsat/Sentinel-2 and the Copernicus digital elevation model.
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Hydrosphere
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i G ; monitored global water
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Fig. 5| The vertical structure of the atmospheric layer from laser altimetry.

a, ICESat/GLAS backscatter showing the transport of Saharan dust over the
subtropical Atlantic to the Caribbean and biomass burning smoke from South
Africato the east coast of South Americajust south of the Equator. b, July 2021
global aerosol fraction from ICESat-2 atmospheric backscatter measurements'”.
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¢, Average height of marine planetary boundary layer (PBL) for October 2003,
using the ICESat/GLAS 532-nm backscatter measurements to validate, and the
European Centre for Medium-Range Weather Forecasts (ECMWF) PBL height
analysis for the same period”*. Part a adapted with permission fromref. 218,
Wiley. Part c adapted with permission from ref. 197, Wiley.

|ICESat and ICESat-2
have provided vertical
structure of global
clouds and aerosol
layers critical to
modelling radiative
luxes. They have also
revealed substantial
climate events
associated with dust
storms and fire
disturbances.




Summary

A NASA's three laser altimeter missions have provided a
comprehensive record of elevation change and structure across
the Earth system, monitoring essential climate variables

A Challenges in spatial coverage, particularly over ice sheets,
glaciers, sea ice, and vegetation, due to sparse track spacing,
sensor resolution, and geolocation mean that key processes

remain poorly observed T ol
f .~ biomass

A To enhance predictive capability future missions must provide at
least seasonal sampling for land ice to capture dynamic

processes; sea ice requires daily-to-weekly sampling -

A Continuous acquisition of high-resolution laser altimetry data is : | B N cloy%s,
essential for advancing understanding in land ice, sea ice, and ‘ s s
vegetation trends and variability

A Most serious threat to observational capability is lack of planned
satellite laser altimeter missions beyond ICESat-2 and GEDI
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