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Abstract
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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 seaice in the Arctic between
2003 and 2021. Observations have also been key to understanding
ecosystems onland, 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, fromland 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

o NASA'’ three satellite laser altimeter missions (ICESat, GEDI and
ICESat-2) have provided surface elevation data for monitoring essential
climate variables across the Earth system, at high spatial and temporal
resolution.

o In the cryosphere, 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.

o In the biosphere, 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.

¢ In the hydrosphere, 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.

¢ In the atmosphere, ICESat and ICESat-2 have provided vertical
structure of global clouds and aerosol layers critical to modelling
radiative fluxes. They have also revealed substantial climate events
associated with dust storms and fire disturbances.

Introduction

Understandinginteractions between Earth system components — the
biosphere, atmosphere, cryosphere, hydrosphere and geosphere —is
key to quantifying how conditions might change in the future, and what
role humans play in such change. Therefore, improving the ability to
monitor these components and predict Earth system evolution is an
urgent scientific and societal need. One way to monitor the health of
the Earth system is through continuous observations of key climate
variables', suchasland and seasurface temperatures, and greenhouse
gas concentrations.

Many essential climate variables are measured in terms of their
surface height. For example, changesinice-sheet elevation have indi-
cated ice mass loss leading to sealevel rise”. Thinning seaice increases
the exchange of heat, moisture and momentum between the oceanand
atmosphere and lowers surface albedo through various positive feed-
backs that amplify polar climate change®. Variations in forest canopy
height and structure indicate aboveground biomass stocks, a proxy
for carbon storage*. Water height in lakes and reservoirsindicates the
availability of global water resources’. By measuring elevation data
allacross the Earth system at aresolution, accuracy and precision not
achievable by other sensors, satellite laser altimetry has provided a
multidecadal record of global height change with time®, enabling these
variables to be tracked.

Since the early2000s, NASA has led three Earth-observing satellite
laser altimetry missions (Table 1). The Ice, Cloud and land Elevation
Satellite (ICESat; 2003-2009)” and ICESat-2 (2018 to present)® had
the primary objective of monitoring the surface heights of ice sheets,
glaciersand seaice to determine how the cryosphereisresponding to
achanging climate. Global Ecosystem Dynamics Investigation (GEDI)
(2018 to present)’ was designed to make precise measurements of

forest canopy height, canopy vertical structure and ground surface
elevation, with the primary science motivation of better understand-
ing the role of forests in the terrestrial carbon cycle. Twenty years
have elapsed since ICESat was launched, allowing for the long-term
monitoring of 14 key climate variables across many surface types
(Fig. 1). Now, these measurements have begun to reveal a collection
of dynamic processes and feedbacks where the atmosphere, ocean,
land, cryosphere and biosphere interact across various spatial and
temporal scales®.

In this Review, we present the science discoveries enabled by
monitoring climate variables with NASA’'s three satellite laser altimetry
missions. We begin by reviewing the history of satellite altimetry since
the 1970s, and the technical advances achieved since satellite laser
altimeters were first used for Earth observation in the early 2000s.
Then, we discuss knowledge gained from satellite laser altimetry on
climate-related spheres: cryosphere, hydrosphere, biosphere and
atmosphere, placing an emphasis on cryosphere and biosphere, as
both are directly representative of the science requirements of the
three missions highlighted here. We close by setting an agenda for
the future, advocating for sustained satellite laser altimeter missions to
ensure continuous data acquisition to address critical questions in
Earth Science.

Background
This section summarizes the basic principles and provides a brief
history of satellite radar and laser altimetry since 1975.

Basic principles of altimetry

Satellite altimetry is based on a measurement principle of precise
timing combined with knowledge of the satellite positioning and ori-
entation to retrieve Earth surface elevation data'. Altimeters trans-
mit short pulses of electromagnetic waves, and the receiver records
the arrival of the surface reflection. The time interval between pulse
transmission and return reflection determines the range between the
sensor and the surface. This basic measurement is the two-way time
delay (7), which is converted into a range (R) using R = cT/2, where ¢
is the propagation velocity of electromagnetic waves in free space,
otherwise known as the speed of light"..

Range valuesare convertedtoasurface height (h) aboveareference
ellipsoid as a function of geodetic position (latitude ¢ and longitude
)2 determined by the position vector of the altimeter and the pointing
vector of thelaser (Box1figure, panel a). Range corrections are applied
toaccount forinstrumental errors, atmospheric effects, and geophysi-
calfactors (Box1figure, panel b). The altimetry calculation, providing
h(g,A) from R, is performed for all data. As the spacecraft moves inits
orbit, the altimeter measurements describe ellipsoidal height profiles
ortransects of the surface topography via an aggregation of elevations
along the satellite ground track.

Satellite altimeters have different instrument technologies and
approaches to determine precise timing of the surface reflection
and subsequent derivation of range, depending on the frequency
of the transmitted energy and the signal detection technique.
Pastand present laser altimetry missions have used both full-waveform®
and photon-counting technology" (Box 1 figure, panel c).

Early radar altimetry

Satelliteradar altimetry for Earth observation was firstimplementedin
two missions: NASA’s Geodynamics and Earth Ocean Satellite (GEOS-3)
mission in 1975, and the 3-month Seasat mission in1978". GEOS-3 and
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Seasat carried altimeters optimized for the oceans and ultimately led
to a branch of ocean remote sensing with missions such as TOPEX/
Poseidon andJason'®. However, their coverage (+65° and +72.16°) also
led tousable dataoverice in Greenland” and Antarctica'®, serving as the
first demonstration of polar altimetry. These missions demonstrated
satellite altimetry as a technology poised for Earth science beyond
oceanography”.

Improved radar altimetry designs by the European Space Agency
(ESA) for measurements over ice followed as the Earth Remote Sensing
(ERS) satellites. ERS-1extended latitudinal coverage of the polar regions
to +81.5° and had two modes of operation (ocean and ice). ERS-1and
follow-on missions (ERS-2 and Envisat) provided an invaluable time
series of changes over ice sheets™ and established that variability Arctic
seaice thickness was dominated by changes in the length of the sum-
mer melt season®. However, radar altimetry had limitations over ice,
especially over steep terrain?’, where the surface slope combined with
large radar footprints (-3 km) and coarse spatial resolution (-340 m
along track) created challenges. It also encountered a loss of signal
over complex topography?, penetration of the radar signal into the
surface layers® and biases in terrain height retrievals in the presence
of vegetation®; and the latitudinal limit of coverage (+81.5°) excluded
measurements of the oldest, multiyear seaice in the high Arctic* and
alarge part of the Antarctic Ice Sheet.

Early laser altimetry

Knowledge gained from the three ESA radar altimetry missions over ice
was the foundation for continued pursuit of cryospheric observations
with improved radar technology onboard CryoSat-27. It motivated
NASA to pursue laser altimetry in the mid-1990s to acquire elevation
time series to understand the effects of climate change in the polar
regions. The Geoscience Laser Altimeter System (GLAS), the planned
instrumentonboard the first Earth-observing laser altimetry satellite
mission, began developmentin the early 1990s.

GLAS was launched on ICESat in January 2003. ICESat’s primary
mission objective was to detect changes in ice-sheet elevations as
small as 1.5 cm yr™, spatially averaged over areas of 100 x 100 km,
with secondary objectives for retrievals of cloud height and aero-
sol distribution, sea ice and terrain height®®. The GLAS design was
optimized for operation over the ice sheets, with a smaller footprint
diameter (-70 m), minimal surface (water, snow, ice) penetration
(infrared laser wavelength), and higher vertical accuracy thanits radar
predecessors. The dataacquisition strategy focused on ensuring higher
spatial resolution (172-m sampling along elevation profiles) and global
coveragein anear-polar orbit observing areas between +86° latitude,
capturing the majority of Earth’s glacial and sea ice®®. GLAS used a
1,064-nm wavelength laser’, and atmospheric measurements used
a 532-nm wavelength made possible by frequency-doubling the
near-infrared altimeter channel”. However, owing to technical issues®
including the loss of the 532-nm channel in 2006, the mission opera-
tional plan was modified and ICESat operated in a ‘campaign mode’,
where repeat-track data were acquired during the 33-day sub-repeat
of a91-day repeat orbit two to three times per year’ (September 2003
until October2009)*".

Despite the altered operational adjustments, ICESat was an
overall success and provided precise elevation data to the Earth
science community. Under optimal conditions of flat, reflective sur-
faces, ICESat elevations presented a precision of 3 cm (ref. 32) and
ageolocation accuracy of better than 4.5 m (ref. 33). Over land ice,
ICESat revealed ice massloss from mountain glaciers*, Antarcticaand

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 1,064nm

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? Mm 25m

diameter

Laser energy per 70mJ 0.03mJ/012mJ®  5mJ/10mJ®

pulse

Laser pulse width 4ns ns 14ns

Orbit inclination 94° 92° 51.6°

Track separation at 15km <2km after Variable

Equator 3years

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. ®ICESat-2 and
GEDI provide two energy levels across the multiple beams.

Greenland®, and Antarcticice shelves®, and detected active subglacial
lakes in Antarctica®. ICESat tracked a net decline of ~0.6 min multiyear
seaice thicknessin the Arcticbetween 2003 and 2008 but indicated
little interannual variability in the thickness and volume of Southern
Oceanseaice”.

ICESat/GLAS was not specifically designed to measure the vertical
structure of terrestrial ecosystems, and the 33-day seasonal campaigns
led to limited spatial coverage; however, the satellite did perform a
series of off-nadir pointing manoeuvres to densify the data collected
over forested ecosystems. The resulting datafrom dense tropical and
temperate forests provided the first comprehensive assessment of
global surface and canopy heights toinformbiomass estimates*’. These
dataunderscored the necessity of global measurements of vegetation
structure* ™ The ICESat mission also provided information on cloud
fraction®” atmosphericstructure and aerosols** andinventoried inland
water bodies®. ICESat established methodologies and technologies for
satellite laser altimetry that informed concepts for future missions.

Modern laser altimetry missions

Building on the success of the ICESat mission and in response to the
2007 Decadal Survey for Earth Science and Applications from Space
from the National Academies of Sciences, Engineering and Medicine*®
on priority climate observations, NASA readied two complementary
laser altimeter systems for launchin 2018: ICESat-2® and GEDI’. ICESat-2
carries the Advanced Topographic Laser Altimeter System (ATLAS),
a photon-counting altimeter”. ICESat-2 was placed in a near-polar
orbit to extend latitudinal coverage to +88° and partially fillagap in
cryosphere observations by reducing the size of the ‘pole hole™®. The
GEDI technology, ideal for vegetation studies, leverages the heritage

Nature Reviews Earth & Environment



Review article

L 7

One beam

Ice-sheet elevation and
mass change

®
®

Glacier elevation and
mass change

Aboard
the ISS

g e |

Four beams

Six beams

*Text in grey indicates an
emerging capability

Ice-sheet elevation and mass change

Surface expressions of dynamics or
thermodynamics

Glacier elevation and mass change

Cryosphere ! ‘ Sea ice thickness ‘
3 @ Sea ice thickness | Surface expressions of dynamics or |
| | thermodynamics; snow depth |
! . | Terrestrial Permafrost |
! T trial ! !
i * errestriat snow | * snow * Surface degradation !
i | i Leaf area index
» ! Q Leaf area index | Leaf area index |
5 . ! i i Aboveground biomass
E Biosphere ! « Aboveground biomass | Aboveground biomass | Terrain and canopy height;
= ! Terrain and canopy height ! Terrain and canopy height; canopy structure ! canopy structure
a i | |
< | 1 |
3 3 6 Lake level & Sealevel 3
| 6 Lakelevel | § Terrestrial water storage |
! ! ! Lake level
| | Marine habitats |
& Sealevel | | ) .
Hydrosphere i ! Nearshore bathymetry; mangroves; i Marine habitats
! X ! benthic habitats ! Mangroves
Y Terrestrial water | |
| storage | 'Y Sea state 4 Plankton |
! : Wave height Biomass :
3 @ 1 & Cloud cover 1
Atmosphere ! Clotidicover ! Planetary boundary layer; cloud layer height !
' GEDI ‘
Airborne campaigns ICESat-2
ICESat (including IceBridge, ABoVE, AfriSAR) D - - - -+ {0+ 0000 sssseesseesseessttttidetteee
2000 2003 2009 2018 2022 2023 2026 2030

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 Dynamics Investigation (GEDI) across the cryosphere,
biosphere, hydrosphere and atmosphere aid measurements of awide variety of
essential climate variables including ice-sheet and glacier elevation and mass

change, seaice and terrestrial snow thickness, permafrost, leaf areaindex,
aboveground biomass, lake and sea level, terrestrial water storage, sea state,
marine habitat properties, plankton and cloud cover. Climate variables that map
to aspecific mission science requirement are circled. ISS, International Space
Station.

of full-waveform lidar similar to GLAS’. GEDIwas placed on the Interna-
tional Space Station (ISS) with an orbit extending between +51.6° and
aprimary measurement requirement of sampling the 3D structure of
forested ecosystems’. Although using different detection technologies,
both laser altimeters collect data with multiple beams in configura-
tions that optimize coverage. The multiple beam design mitigates the

large uncertainties in the estimates of elevation change resulting from
the correlation between surface slope and elevation change during
non-exact repeat measurements for a single beam®.

ICESat-2 has similar science objectives to ICESat, with ice-sheet
and sea ice measurement requirements. Specifically, the goals are to
quantify ice-sheet elevation change to estimate contributions to sea
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level change and identify the drivingmechanisms, and quantify changes
inseaicethickness to investigate ice—ocean-atmosphere interactions®.

Secondary scientific goals are associated with vegetation structure, as

ICESat-2 provides global coverage and high vertical accuracy over terres-
trial ecosystems, including boreal forests at high northernlatitudes that
are not measured by GEDI owing to the orbital constraint of the ISS*°.

Box 1

ICESat-2’s mid-latitude collections are complementary to GEDI’s tropi-
caland temperate coverage, and the high-latitude coverage of ICESat-2
createsthe opportunity to create global vegetation structure products
derived from the collective measurements of the two missions®,
Evaluation of ICESat-2’s elevation retrievals demonstrated
measurements with a higher resolution, accuracy and precision than

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
areturned 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
atime-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'™.

a Satellite b c ‘. Full-waveform Photon-counting‘
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point Altimeter GPS <7 ICESat-2 Transmit -
altitude laser pulse
vector ) Power Power
Trajectory
Photon event range
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previous satellite altimeters. Calibration field experiments on the
Antarctic plateau® showed an elevation accuracy better than3 cmwith
a precision of 9 cm (1-sigma standard deviation). Over flat surfaces
suchasArcticseaiceleads, early results demonstrated an along-track
surface height precision of -2 cm atkilometre length scales™, and sub-
sequent analysis showed that a furtherimprovement, to~1-cm height
precision, was achievable with specialized processing®. Canopy
height retrievals are better than 5 m RMSE (root mean squared error),
and terrain elevations often have RMSE values better than1 m (ref. 54)
in most ecosystems; with improvements to the data products, those
accuracies will continue to improve. Going beyond mission require-
ments, the 532-nm wavelength of ICESat-2’s ATLAS penetrates clear
non-turbid water as deep as ~50 mto allow estimation of water depths
inthe nearshore zones* and in melt ponds onice shelves** and seaice™.

Over vegetated regions, GEDI is providing a new perspective
of forest structure at a global scale, with RMSE for height retrievals of
nominally ~2 m at 25-m length scales”, and forest products not pre-
viously available from satellite altimeters, including canopy cover,
plantareaindex (whichissimilartoleafareaindex, LAl), foliage height
diversity and aboveground biomass. The spatial sampling from GEDI
has provided orders of magnitude more 3D forest structure meas-
urements than GLAS, enabling a wide range of forest mapping and
monitoring studies®.

Cryosphere

The cryosphere is a global climate regulator, playing a critical role in
Earth’s energy budget, and isamajor contributor to sealevel change®.
Theloss ofice fromthe seaandland drives climate processes by decreas-
ingalbedo, altering heat and moisture fluxes and raising sealevel, and
istherefore criticallyimportant to understand. However, there is great
uncertainty over the future of ice mass loss across the cryosphere®’.
Satellite altimetry uniquely provides the vertical dimension crucial
for estimating volume change by measuring sea ice thickness, eleva-
tion and mass change of land ice (ice sheets, ice shelves and glaciers),
and terrestrial snow depth, all essential climate variables (Fig. 1). This
section discusses how satellite altimetry has advanced the study of
processes of seaice and land ice change (Fig. 2), enabling more accurate
representation of these variables in climate models.

Seaice

Seaice extendsacross ~4-6% of the ocean annually and exhibits strong
seasonal variability®. Historically, observations were limited to mainly
ship-based measurements®, submarine-based upward-looking sonar®
and aerial surveys™, resulting in a lack of routine observations.
Spaceborne passive microwave radiometry revealed an average
annual global decline in sea ice extent of ~1.5% per decade between
1979 and 2013°, but this technique cannot track changesinice thickness
and mass flux. Satellite altimetry has transformed the understanding of
theseaice thickness distribution and its variability by routinely measur-
ing sea ice surface topography, including ice floe and lead heights®*..
A detailed picture of sea ice thickness and volume change over time
has emerged®, enabling the investigation of interactions with ocean
processes®,

In particular, ice thickness informationis sought after toimprove
short-term forecasting® and is playing an increasingly important
role in climate monitoring and prediction, as the thickness distri-
bution integrates both the thermodynamic and dynamic processes
that control ice growth and decay®. ICESat observations provide
unambiguous measurements of both seaice freeboard (the height of

floating ice floes above local sea level) and sea level in areas of open
water within the fractured ice pack (called leads)®’. Ice thickness, the
relevant climate variable, canbe inferred from seaice freeboard, using
assumptions about the depth of snow blanketing the seaice, and snow
and ice densities™.

Arctic Ocean. Arctic sea ice has transitioned from predominantly
thick, multiyear seaice that survives summer meltto first-yearice that
isthinner and seasonal in nature and now accounts for -70% of the ice
cover compared with ~35%in1985°. Therate of seaice lossinthe Arctic
is accelerating, altering ocean stratification, affecting weather pat-
terns and ecosystems, and affecting human activities®. In the Arctic
Ocean, ICESat extended observations to +86° N and provided the first
opportunity to track both the seasonal and interannual variability in
seaice freeboard”.

ICESat observations revealed a marked decline in winter sea ice
freeboard of -1.6 cm yr'inthe Arctic between 2003 and 2008, mainly
overthe older, multiyear ice’’. Between March 2004 and March 2008,
this multiyear ice thinned by ~0.6 m, resulting in an estimated total
volume loss of 6,300 km? (ref. 38). Following a then record-setting
minimum ice extent in September 2007”*, ICESat recorded pro-
nounced ice thickness losses during the 2007/2008 winter season’®,
These losses increased the net ocean-atmosphere heat flux’ and
were observedinboth the satellite laser and radar altimeter records™.
By the end of winter 2012, Arctic sea ice volume had declined by a
further 1,479 km?, discovered when the ICESat-era record was com-
bined with complementary measurements from the radar altimeter on
CryoSat-2”. ICESat-2 continued the observational record and revealed
a total winter ice volume loss of -6,000 km? over the 18-year period
between2003 and 2021, equivalent to~33% oftotal Arcticseaice volume
inwinter®*,

Satellite laser altimetry can also contribute to better under-
standing of the geophysical processes driving the observed seaice
variability, owing to its high spatial resolution and temporal sampling.
For example, ICESat-2 data have been used to map complex seaice
topography in finer detail than from earlier satellite altimeters and
have provided additional measurements of the ice properties needed
totrack processes that control seaice thermodynamics (advance and
retreat) (Fig. 2a) and dynamics (drift and deformation)*. ICESat-2’s
small footprint and dense along-track sampling can also be used to
map the evolution ofice properties during the winter growth period”™
and summer melt season”. These measurements have enabled
process-driven research including analysis of ice surface roughness
and mapping seaice ridging intensity in the Arctic Ocean’®, assessing
thelead width distribution® and detecting features of summer melt”’
(Fig.2a).Simultaneous retrieval of the ice thickness distribution with
such high-resolution observations of seaice properties will ultimately
improve understanding of time-varying seaice processes.

Southern Ocean. After decades of gradual increase, Antarctic sea
ice coverage has been declining since 201475, In the Southern Ocean,
ICESat enabled thefirst altimetry-based estimates of seaice freeboard
(Fig. 2b) and thickness’®, where radar altimetry techniques are hin-
dered by deeper snow, frequent flooding, and complex snow and ice
stratigraphy®’. When combined with snow depth estimates from pas-
sive microwave sensors, ICESat showed thaticein the Weddell Seahad a
complex seasonal cycle, with average ice thickness ranging from-1.3 m
inaustralfall, to-2.3 minaustral spring and ~-1.6 min austral summer®.
ICESat observations for the period 2003-2008% also showed that
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Fig.2|Changesinseaice andlandice in the polar regions from ICESat and
ICESat-2. Main maps show sea ice thickness for the Arctic and Greenland region
(seaice thickness for January 2020°*) and the Antarctic region (average for April
to November 2019)** from ICESat-2. The height change rate for the land ice sheet
isalso shown, based on data from ICESat to ICESat-2 (ref. 49). Inset panels show
details of processes made possible with high-resolution ICESat-2 data. a, Melt
pond bathymetry and depth on Arctic seaice inJune 2019 from ICESat-2 with
near-coincident Sentinel-2 Multi-Spectral Instrument image of surface ponding®.
b, Seaice freeboard in October 2004 from ICESat with near-coincident Envisat
ASAR image of seaice conditions”. The ICESat ground track is shown as a dashed

line. In the smallinset map of Antarctica, x marks the approximate geographical
location of the image and the ICESat profile. Flight direction is from left to right.
Pink arrows indicate leads. Solid green line indicates interpolated sea surface
height”. ¢, Sermeq Kujalleq (Jakobshavn Isbrze) recorded by a single ground
track of ICESat-2 ATLO3 data and analysed with the density-dimension algorithm
forice surfaces”.d, Rift on Ross Ice Shelfas seen in ICESat GLA12 and ICESat-2
ATLO6 data®. Partais adapted fromref. 53, CCBY 4.0 (https://creativecommons.
org/licenses/by/4.0/). Part bis adapted with permission from ref. 79, Wiley.
Partcisadapted fromref. 106, Elsevier. Part d is adapted with permission from
ref.49, AAAS.

circumpolarice volume peaked in austral spring, averaging ~11,111 km?>.
A comparable estimate based on ICESat-2 for austral spring 2019 was
~10,062 km? (ref. 82). Year-round observations from ICESat-2 show
that the observed seasonality inice thickness is probably explained by
amixture of competing processes (snowfall, snow redistribution, snow

iceformation, ice deformation, and basal growth and melt) in different
parts of the divergent Antarctic ice cover®?. ICESat-2’s high-resolution
measurements have also contributed new insights about wave pen-
etration into the marginal ice zone® and the prevalence of under-ice
phytoplankton in the Southern Ocean®*
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Landice

Land ice, including the Antarctic and Greenland ice sheets®, glaciers
andicecaps (GIC)*, islosing mass at an accelerating rate contributing to
globalsealevel rise*”. During the last century (1901-2018), sea level rise
was dominated by ocean thermal expansion and glacier melt; however,
by 2008-2016, the recent rapid increase of ice-sheet mass loss made
land ice the largest contributor®**%’%% By monitoring the elevation
change patterns, satellite altimetry missions enable the estimation
ofice-sheet and GIC mass balance evolution, provide insights intoice
dynamics, identify regions of potential instabilities®”, and investigate
active subglacial hydrology®.

Antarctic and Greenland ice sheets. ICESat and ICESat-2 measure-
ments have provided changesinlandice elevation since 2003*° (Fig. 2).
ICESat along-track data from 2003 to 2008 showed that there was
overallloss of land ice mass from the grounded portions of Antarctica,
especiallyinthe Amundsen Seaembaymentin West Antarcticawhere
someglaciers thinned more than 9.0 myr™, and Greenland where thin-
ningrates of fast flowing glaciers averaged 0.84 m yr™ (ref. 35). Asimilar
analysis was carried out for Antarctica’s floating ice shelves and showed
that the grounded ice changes correlate with ocean-driven ice-shelf
thinning®. However, the temporal averaging and single beam profiling
was insufficient to inform about underlying processes.

InGreenland, ICESat observations combined with OperationIce-
Bridge airborne laser altimetry allowed for outlet glacier-scale studies
of dynamic thickness change, revealing significant spatiotemporal
variations’® and glacier response to changes in ocean heat’’. For a
longer-term view, ICESat was used to co-register the precise digital
elevation model (DEM) generated from historical aerial photographs
for the entire Greenland margin®. ICESat observations also provided
model input data, such as for estimating the elastic component of
vertical crustal deformation® and for transient numerical models
of ice flow®™.

On ice shelves, advection of features introduces noise into the
elevationdata, which canbe removed with knowledge of the ice velocity
inalLagrangian approach. Thisapproach was used to derive basal melt
rates for Filchner Ronne and Ross ice shelves”. ICESat repeat-track data
gaveimportantinformationabout smaller dynamicfeatures, including
icefronts’; grounding zones® and grounding-zone migration®®; basal
channel growth®’; and active subglacial lakes in Antarctica®°°, These
ICESat repeat-track results led to a science requirement for ICESat-2
for dynamic features.

ICESat-2 extended the elevation record from ICESat, enabling
an estimate of ongoing mass loss from both ice sheets between 2003
and 2019, amounting to 320 Gt yr' (14 mmsealevel rise)* (Fig. 2). This
comprehensive analysis coveringallice sheets (grounded and floating
ice) confirmed the theoretical link between thinning ice shelves and
grounded iceloss'”", and demonstrated a connection with competing
ocean and atmosphere processes. The ongoing record also allows
for estimation of long-term trends, as well as seasonal and annual
variability'©>'%,

ICESat-2 data provide a means of assessing the different
surface-mass-balance and firn-densification models that are critically
important for estimating mas balance from altimetry observations'**.
The top-of-snow measurement detects elevation changes that can
be attributed to snow accumulation, and enables linking to driving
processes'”. For example, monthly height changes over the West
Antarctic Ice Sheet during 2019 showed that large height increases
occurred in winter'®. By using climate reanalysis data, a large

percentage (41%) of these signals was attributed to short-duration
extreme precipitation events, with 63% associated with atmospheric
rivers, which occurred only 5.1% of the time.

Many key ice-sheet processes act on short spatial scales (1-10 km),
and ICESat-2 dataare the first with sufficiently high spatiotemporal res-
olutiontoresolve the evolution of the dynamic features associated with
these processes, such as crevasses'*® (Fig. 2¢), rifts (Fig. 2d), ice fronts'”’
and iceberg calving'®®, grounding-zone migration since ICESat'*’ and
ontidal timescales"’, basal channels™ ", dolines'”, thinning at pinning
points"*and active subglacial lakes™. ICESat-2’s 532-nm photons pen-
etrate standing water, allowing estimates of meltwater depth from raw
photon data*®. Although ICESat-2’s limited spatial coverage prevents
complete surface meltwater mapping, the technique has the potential

for enhancing meltwater depth estimates from satellite imagery".

Glaciers and icecaps. GIC are contributing significantly to sea
level rise, and are vital for the hydrological cycle and for freshwater
supplies. ICESat data have been combined with other historic or
contemporaneous datasets to track annual and decadal mass changes
in GIC for the epoch2003-2009. Combining ICESat, GRACE (Gravity
Recovery and Climate Experiment) and GPS also enabled separation of
glacier mass loss effects from crustal deformation and water storage
trends, improving mass change estimates of Alaskan glaciers™’. Over-
all, the glaciers in the Arctic, Canada, Alaska, coastal Greenland, the
southern Andes and High Mountain Asia (HMA) together contributed
259 Gtyr™, ~30% of the sea level rise signal, and as much as the ice
sheets®*. ICESat also enabled detection of regional patterns of change;
it revealed significant and widespread glacier mass loss in the east-
ern, central and southwestern parts of the Hindu Kush-Karakoram-
Himalaya region, resulting in a total annual mass loss of 13 Gt yr™*
(ref.118).In Greenland, annual mass loss was 41 Gt yr™ for the icecaps
and peripheralglaciers, with the highest mass loss in the southeast™’.
The three major archipelagos of the Russian High Arcticlost mass ata
rate of 9 Gt yr!, with most of this loss driven by climate change rather
thanice dynamics'®. In Svalbard, comparison of ICESat observations
with historic DEMs (1965-1990) revealed a connection between gla-
cier mass balance and latitude and the dynamical behaviour of the
individual glaciers'.

Regional comparisons between ICESat and ICESat-2 enabled
analyses of smaller, more complex regions undergoing change and
detected accelerating thinningin several glaciated regions, including
the peripheral GIC surrounding the Greenland Ice Sheet'??. Although
they covered only 4% of Greenland, these GIC currently provide 11%
of Greenland mass loss, and this loss doubled between the ICESat and
ICESat-2 periods; mass loss from northern peripheral glaciersincreased
by afactor of 4 (ref.122). Similar analyses in Svalbard showed that thin-
ning increased over most regions'??, with the highest negative rates
along the west coast and areas bordering the Barents Sea, linked to
Arctic warming over the last decades and increasing thinning in east-
ern Svalbard, correlating with atmospheric and oceanic warming'**.
InHMA, glaciers thinned with an average rate of 0.34 m yr ' from 2003
to 2019'%. The temporal sampling of ICESat-2 has enabled detailed
studies of the seasonal behaviour of glacier regions. For example, in
HMA, seasonality was observed inthree categories, linked to regional
atmospheric conditions (to Westerly and Monsoon)'*.

ICESat-2’s dense spatial sampling and accurate elevation measure-
ments over rugged terrain make it suitable for assessing DEM elevation
accuracy' and calculating elevation changes by differencing DEMs
and ICESat-2 elevations. The latter approach was applied to detect
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elevation changes in the Rongbuk Glacier catchment on the northern
slope of Mt Qomolangma (Mt Everest)'*®, The fine-scale resolution
of the ICESat-2 data has also enabled detailed studies of small-scale
outletglacier features in Greenland and Svalbard, such as crevasses'*®
(Fig.2c).

Biosphere

Terrestrial vegetationis tightly linked to climate change, with vegeta-
tionabsorbing around one-third of annual fossil fuel emissions through
growth. In contrast, deforestation causes -1.8 GtC yr™ of emissions'”.
Mapping, monitoring, and forecasting vegetation carbon flux are fun-
damental for understanding the impacts of climate change and land
use ontheglobal carboncycle. Laser altimetry can provide detailed and
accurate 3D vegetation structure measurements at a spatial resolution

required for management™.

Land topography and vegetation height

Vegetation height*® and underlying topography™ are measured directly
by satellite laser altimetry, and the reflected waveforms or photon
clouds enable estimation of a suite of other ecologically important
attributes, including climate-critical vegetation aboveground bio-
mass (AGB)*°, which consists of approximately 50% carbon. Data from
ICESat/GLAS provided thefirstglobal synoptic measurements of terrain
and vegetation height from space; those data then factored into global
digital elevation products™ and canopy height products™. The large
footprint diameter of ICESat/GLAS, however, created challenges in
decoupling terrain and canopy heights from the returned waveform,
particularly in areas with topographic slope more than10°**"**, ICESat-2
and GEDI's designs addressed this limitation, and GEDI's smaller foot-
prints have been used for a suite of height mapping products, both
alone and through data fusion with Sentinel-2 data™, Landsat™® and
TanDEM-X"""%, ICESat-2 and GEDI data have also been combined for
height mapping where both datasets are available™’, although caution
should be taken to resolve discrepancies between the datasets before
they are combined***°,

GEDI and ICESat-2 each have strengths and limitations for map-
ping canopy height and terrain structure. As GEDI was designed
primarily for vegetation, its more powerful lasers can penetrate even
the densest canopies, thus providing particularly new data in areas
such as dense tropical forests where GLAS measurements were sparse
and ICESat-2 often cannot accurately resolve height'*'. GEDI com-
bines ground and canopy photons in waveforms, and algorithms are
used to estimate the ground elevation from the lower portion of each
waveform. In contrast, the high laser repetition rate on ICESat-2 cre-
ates a nearly continuous profile along the surface for each beam.
As aresult, ICESat-2 classifies photons as reflecting from both the
terrain and canopy surface, separately. ICESat-2’s photon classifica-
tion has highest accuracies in sparse to moderate canopy covers in
short-stature vegetated systems as demonstrated in Europe** and
North American boreal forests***. Both GEDI and ICESat-2 datasets
have higher uncertainties in terrain elevation over steep slopes'**, and
dense and sparse canopies.

Another benefit of laser altimetry is the detection of the terrain
beneaththe vegetated layer. In particular, both ICESat-2and GEDI have
recorded water levels of inundated forests in the Amazon***"*¢, and
accurate terrain heights of peatlands'”’. Although the measurement
techniques are different between GEDI and ICESat-2, they show similar
patterns with retrieval accuracies impacted by terrain slope and to a

lesser extent canopy cover's,

131

Ecosystem structure and biomass

Leaf area index (LAI) and vegetation AGB are two additional essential
climate variables that can be derived from laser altimetry. LAl can be
estimated with laser altimetry based on the vertical gap probability of
foliage at discrete heights'. LAl represents the crown foliage content
and is used to drive ecosystem models to estimate photosynthesis,
carbon exchange with the atmosphere, and interception of precipita-
tion and microclimate variables™. Biomass cannot be directly resolved
from altimetry, butitis related to 3D volume and is often empirically
derived from laser altimetry™'.

ICESat/GLAS data were used independently, or in combination
with other remote sensing data, to produce early ecosystem structure
and AGB products representative of 2010 AGB stocks*?, and estimated
carbon emissions*. They have also been combined with other remotely
sensed data products including interferometric synthetic aperture
radar (SAR) to map mangrove heights and AGB™, and optical Landsat
imagery to create disturbance products to estimate forest recovery
rates™’, canopy fuels™*, and canopy cover',

GEDI and ICESat-2 data have been used to update these earlier
products for both mapping and monitoring changesin forest structure,
which are essential for understanding how and where the terrestrial
biosphere is mitigating climate change through storage and seques-
tration of carbon as biomass. GEDI data have been used to map forest
carbonstocks*atarange of spatial scales: globally at1-km resolution®,
for continental wall-to-wall mapping with fusion with Sentinel-2"°, and
national mapping"‘. GEDI-domain forests have been predicted to host
~480 Pg of AGB*°. Approximately 26% of GEDI-domain AGB is currently
stored inglobal protected areas, and GEDI data were used to estimate
that these areas have prevented an additional 9.65 Pg of carbon emis-
sions over the past two decades, equivalent to roughly 1 year of global
annual fossil fuel emissions'.

GEDI and ICESat-2 data have also been integrated with data from
optical sensorstomonitor changesin foreststructure over time, includ-
ing estimation of forest fuels"®, and forest recovery from disturbance,
including fire'’, logging'®® and charcoal degradation''. Addition-
ally, space-based laser altimetry data has been used to map forest
diversity at a range of scales'®?, including structural diversity in the
United States', in Europe’** and pantropically'®. Structure has been
linked to habitat to study ecology™®, such as mapping predator-prey
relationships'® and bird species distributions'®.

Finally, data are being incorporated into ecosystem models to
forecast future forest carbon fluxes, answering critical questions
related to whether forests will continue to act as a net sink of carbon
orbecome carbon sources™ due toincreasing pressures from land use
and climate change. GEDI data are limited in that the ISS orbit does not
pass over high northern latitudes, including boreal forests which are
warming faster than other ecosystems on the planet. However, ICESat-2
datawere used to produce the first 30-m laser-altimetry-based map of
AGB for boreal forests across the entire circumpolar region'° (Fig. 3)
and, when combined with GEDI's tropical and temperate AGB estimates,
complete aglobal accounting of AGB for the current era.

Hydrosphere

The hydrosphere encompasses all water on Earth, including surface
water in lakes, rivers and reservoirs, groundwater, and oceans. Satellite
altimetry is usefulin monitoring the hydrosphere (Fig. 1), owing to its
spatial coverage and repeat period for seasonal change assessment, its
small footprint diameter for capturing small water bodies, and its ability
to penetrate the canopy for measurements within flooded forests and
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Fig.3|Global woody aboveground biomass density (AGBD) from GEDI and
ICESat-2. Estimates up to 52° N are from the 1-km gridded GEDI product, whereas
northern ecosystems have wall-to-wall 30-m maps from a fusion of ICESat-2,

Harmonized Landsat/Sentinel-2 and the Copernicus digital elevation model.
Both products are available through the NASA Oak Ridge National Laboratory
DAAC (https://daac.ornl.gov/).

wetlands' (Fig. 1). Applications include monitoring the dynamics of
coastlines"?, the boundaries of lakes and rivers'”?, water surface slope'*
and an emerging application from ICESat-2: nearshore bathymetry'”.
This section discusses these applications.

Inland water

Monitoring the temporal and spatial distribution of terrestrial water
storage is crucial for effective water resource management and
decision-making"®. In situ networks have supported management of
individual reservoirs and are used to determine river water elevation
levels and water surface slope, but they are limited in scale and limited
ininaccessible remote areas>”’. ICESat, GEDI and ICESat-2 data can be
usedinglobal, homogeneous, perennial monitoring of terrestrial water
(including lakes, rivers and reservoirs). For example, the combina-
tion of ICESat and ICESat-2 observations has enabled the retrieval of
long-term net water volume trends across the 2003-2023 time period
for more than ~94% of global lake volume, revealing an overall water
storage increase 0f 10.88 +16.45 Gt yr (ref. 178).

ICESat data were used to locate lake levels across more than
500,000 unique locations for the entirety of the mission lifetime*, to
produce a new inventory that increased the understanding of global
hydrological resources. The ~70-m ICESat footprintimproved sampling
of water bodies and provided the first space-based measurements
over bodies of water that were previously omitted by radar altimetry
owing to its larger-diameter footprint”’. Monitoring seasonal and
abrupt changes in inland water levels was possible with ICESat™* at
some locations, although the general lack of repeat measurements
over most water bodies limited the utility of ICESat data for seasonal
characterization. Instead, the observations supported the analysis of
individual geographical location measurements atasingle pointin time
for validation of hydrodynamic models* and advanced model simula-
tions of discharge and flow velocity'”’. ICESat allowed reservoirs to be

better understood at a global level*’, but the sparse track spacing was
insufficient to enable acomprehensive assessment of water resources.

ICESat-2’s smaller footprint size and frequent sampling allowed
for even smaller reservoirs to be mapped and monitored on seasonal
timescales''. Merging ICESat-2 reservoir retrievals with existing data-
bases to examine 227,386 water bodies during the period from October
2018 to July 2020 revealed that human-managed reservoirs provide
57% of Earth’s seasonal terrestrial water storage variability, and that
the seasonal variationin water levelsis muchlarger than the signal for
natural water bodies (0.86 mversus 0.22 m)"?, establishing abaseline
for tracking human modifications to the global hydrological cycle.
River network monitoring efforts also leverage the multibeam obser-
vations and smaller footprint diameter of ICESat-2, capturing water
surface slope information that is essential for estimating reach-scale
discharge and flow dynamics'. Evaluation of 815 reaches in Europe
and North America sampled by ICESat-2 using independent data led
toavalue of 23 mm km™as the median absolute error in water surface
slope for 89% of the reaches investigated'”*. This small amount of error
indicates that ICESat-2-derived slopes canbe used as aglobal solution
in place of local assessments using tide gauges.

Analysis of GEDI and ICESat-2 data for inland water studies
revealed ICESat-2 elevation biases to be ~0.05 m and GEDI biases
~0.26 m. Nevertheless, the combined datasets improve overall water
level retrievals in terms of accuracy and temporal resolution'®* while
capturing the variability of the monthly, seasonal and annual cycles

for use in predicative climate models™’.

Sealevel

Satellite laser altimetry can directly monitor sea level, including in
coastal regions and the polar oceans, extending the datasets from
oceanographic satellite radar altimetry missions such as TOPEX/
Poseidon and Jason. Indeed, mean sea surface heights from ICESat
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showed the feasibility of generating a global sea surface height product,
albeit with an overall elevation bias of -10.0 + 1.0 cm with respect to
TOPEX/Poseidon owingto the uncorrected seastate biasin the ICESat
data and different interactions of the radar and laser energy with the
ocean'®’, Gapsin temporal coverage®® ultimately limited ICESat’s ability
to recover interannual trends in global sea surface height.

ICESat’s higher latitudinal coverage (+86°) compared with TOPEX/
Poseidon (+66°) enabled the production of a new satellite-only mean
sea surface model for high northern latitudes that was used to map
mean dynamic topography in the persistently ice-covered Arctic
Ocean'®.ICESat measurements of seasurface height in the Arctic Ocean
werealsoinverted to determine gravity anomalies', which were used
togenerateamore detailed and accurate satellite-only marine gravity
field that revealed important new tectonic features, particularly in the
Amerasian and Eurasian basins'®. In the Southern Ocean, ICESat data
were used to fill in the gap in tide models around Antarctica through
retrieval of tidal variations on ice shelves'® and ultimately used to
improve Antarctic tide models'’.

Coastal bathymetry

Sealevel rise leads to changes in coastal geomorphology™’; yet there
was amajor gap innearshore bathymetry measurements due to limita-
tionsin sensor coverage and logistical complications associated with
accessing remote locations until 2018'. ICESat-2’s unique capability to
penetrate clear non-turbid water as deep as~50 m provided water depth
estimatesinthe nearshore zone and seamless topographic-bathymetric
profiles across the waterline, which has transformed coastal hydro-
sphere studies'. Although the ICESat-2 seafloor height retrievals can
be used independently for coastal applications, the data are often
combined with relative depths from multispectral optical images to
transform the bathymetry maps to an absolute vertical scale. This
satellite-derived bathymetry combines the high vertical accuracy
of the ICESat-2 measurements with the wide spatial coverage of the
imagery® (Fig. 4).

Satellite-derived bathymetry with ICESat-2 has led to impor-
tant work in characterizing the coastal ecosystem, as the repeat
coverage and data quality from ICESat-2 allows scientists to capture
geomorphological change across timescales that were not possible
before the launch of the mission'”". It also furthers the understanding
of benthic habitat health and life cycles such as coral reef bleaching
and seagrass degradation'”. This application has been extended to
mangroves and tidal flats, as the full coastal seascape is critical to the
livelihood of local communities and contains nearly 25% of the oceanic
carbon pool®.

Atmosphere

Clouds and aerosols are fundamental components of Earth’s atmos-
phere and its radiative impact, and their significance extends to
weather, climate, and air quality. Satellite laser altimetry contributes
to understanding cloud cover, aerosols, and the planetary boundary
layer (PBL) by providing accurate information on vertical structure,
composition, properties and dynamics' (Fig.1). The accurate vertical
information provided by altimetry has enhanced our understanding
ofthese atmospheric components and their interactions, progressing

climate modelling and environmental monitoring'*,

Cloud cover and aerosols
Clouds have a critical role in maintaining the planet’s energy balance
through reflection of solar radiation and heat retention'”. Laser

altimetry enables accurate measurements of cloud top heights and
cloud layer thickness, providing abetter understanding of cloud cover
and itsimpact on the Earth’s energy flux'®.

ICESat’s design to observe the atmosphere centred on the goal of
global coverage with sufficient sensitivity to fill the gaps introduced
by passive instruments for height distribution and accurate extinction
and absorption information?. Once on-orbit, ICESat provided
instantaneous observations of atmospheric vertical structure, and
dual wavelength channels allowed for identifying cloud and aerosol
layer boundaries and optical thickness. Both channels allowed for
resolving extinction and backscatter cross-sections as a measure of
radiative properties (Fig. 5); the 532-nm photon-counting detectors
provided higher spatial resolution, and the1,064-nm analog detection
had lower spatial resolution but a wider dynamic range®.
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Fig.4 |Nearshore shallow water bathymetry mapping with ICESat-2. a, An
ICESat-2 transect of measurements across the coast of Mexico as the satellite
moves from the left to the right. The corresponding photon elevations (bottom
graph) reveal vegetation, water surface, shallow water bathymetry and ocean
waves. b, Satellite-derived bathymetry model of depths over the Great Bahama
bank using asingle Landsat image and ICESat-2 bathymetry®”. Partais adapted
fromref. 217, CCBY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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ICESat made important contributions for climate modelling
by determining cloud overlap statistics, which represent the extent
to which different layers of the atmosphere interact. These statis-
tics have a major influence on the rates of heating and cooling in the
atmosphere, but are often assumed parameterizations or simplified
equations, without rigorous physical basis*. In autumn 2003, for
example, ICESat quantified the global vertical distribution of cirrus
clouds, a key component of the terrestrial radiative balance in the
stratosphere, confirming the dynamics of convection in relation to
the tropopause (mean altitude of 14.5 km in the tropics and 9.5 km
in the northern mid-latitudes; the peak location of deep convection
around7.5° N; and the average thickness of cirrus clouds at ~1.6 km)'*°.

ICESat-2 continues to provide the vertical profiles of clouds
and aerosols for an altitude of 0-14 km (the vertical range window is
slightly truncated because of the high repetition rate of the laser'”).
Although challenging for a single-wavelength system, ICESat-2 can
discriminate between clouds and aerosol constituents through back-
scatter characteristics of the laser energy, layer heights and horizontal
homogeneity"®. Additionally, ATLAS measures tenuous atmospheric
layers composed of blowing snow or high optically thin cirrus clouds
that are extremely important to climate models and often difficult
to detect"’. Tenuous atmospheric layers are potentially the most
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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 America just south of the Equator. b, July 2021
global aerosol fraction from ICESat-2 atmospheric backscatter measurements'*%,
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important to Antarctica and Arctic radiative forcings, but they also
have a stronginfluence on humidity and heat flux in the tropics given
the high frequency of cirrus.

ICESat’s atmospheric channel also provided context for the surface
measurements in the sense of how the atmosphere affects the accuracy
of surface elevation measurements. Scattering of the laser energy inthe
presence of clouds, aerosols and blowing snow can lengthen the energy
pathlength and lead to arange delay®*’. This ‘forward-scattering’ bias
isastrong function of the receiver field of view (FOV) and grows as the
FOV increases, making the effect bigger for ICESat but still affecting
ICESat-2 byintroducingelevation uncertainties of the order of 4-6 cm
compared with clear sky conditions®”'.

Aerosols affect the climate by scattering or absorbing sunlight and
participating in cloud formation; they also influence air quality and
human health?**, Satellite laser altimetry helps characterize aerosols
by measuring their optical properties, concentrations and spatial
distribution, enabling us to study their sources, transport patterns,
and influence on air quality and climate®®. For example, ICESat was
used tomonitor the transport of the California2003 forest fire plumes
in the northeastern United States®** (Fig. 5a). This was accomplished
by collecting atmospheric profiles across numerous satellite tracks
to determine the temporal variations in height of the smoke-induced
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c, 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 aadapted with permission fromref. 218,
Wiley. Part cadapted with permission from ref. 197, Wiley.
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aerosols, and creating a4D assessment of the smoke and aerosol propa-
gation over aweek to document the initial westward motionand then
the direction reversal as a function of interaction with the current
weather system”**. Optical imagery is capable of tracking the aerosol
transport but relies on laser altimetry to give the accurate heights of
the atmospheric constituents, an important part of understanding
aerosol movement and dynamic response (Fig. 5b).

Planetary boundary layer

The PBL is the lowest atmospheric layer and governs the exchange of
energy, moisture, and pollutants between the Earth’s surface, including
both land and ocean, and the upper atmosphere*®. The PBL hosts all
physicalinteractions betweenthe free troposphere and the surfaces and
contains most of the total atmospheric moisture, allowing it to determine
thelevel of convectionand storm development'®, Satellite laser altimetry
backscatter canbe used to estimate the thickness and height of the PBL,
which are its primary physical properties. The backscatter properties
reveal the correlated height to where the temperature profile increases
abruptly while the relative humidity decreases (Fig. 5c).

These gradients are detected by the laser in terms of the density
variability in the reflected signature (backscatter magnitude) using
different sensors**, including ICESat-2'”. The proportionality between
backscatter magnitude and aerosol content for PBL discoveries across
seasonal and regional scales is an important part of the future PBL
global observing system®”. Annual PBL height maps from ICESat-2
indicate a height range from 800 mto 1.5 kmover oceans without much
temporal variability. In contrast, over land, the PBL heights exhibit
higher values, typically ranging from 2to 3 km, with the greatest heights
observed over desert and arid regions™®.

Summary and future perspectives

Collectively, NASA’s three laser altimeter missions have produced a
record of elevation change and structure at multiple spatial and tem-
poralscales foravariety of surface types across the entire Earth system.
ICESat captured broad patterns of change in climate variables associ-
ated with height to+86°latitude, recording ice mass loss from mountain
glaciers®, Antarctica and Greenland®, and sea ice volume loss in the
Arctic Ocean®, and revealing active subglacial lakes in Antarctica®%.
It also supported the first estimates of sea ice thickness in the South-
ern Ocean®, the first comprehensive assessment of global surface
and canopy heights to inform biomass estimates*’, cloud structure
information and aerosol detection?’, and aninventory of surface water
bodies"*. ICESat-2 has extended ICESat’s time series of observations
with continuous, high-resolution along-track measurements of vegeta-
tion structure at metre-level length scales and across seasonal cycles®*
to88°latitude. GEDIis providing tropical and temperate canopy heights
and terrain mapping, greatly improving the ability to characterize
carbon and water cycling, biodiversity and habitat™ to +51.6°. These
combined records will support the parametrization of these processes
and further help toimprove the fidelity of Earth system climate models,
while also providing benchmark datasets against which to compare
future satellite laser altimetry missions.

The evolution of satellite laser altimetry continues as researchers
and engineers learn from past missions. The limited spatial coverage
is a primary challenge for space-based lasers — the current missions
still only measure less than 5% of Earth’s surface, given the current
sampling strategies and data loss due to cloud cover®®®. Over the ice
sheets, comprehensive measurements are needed from the smoother
areastothe structurally more complex margins, where the changes are

large but the track spacingis too sparse to capture the full details of key
processes at the relevant scales®. For glaciers, the sparse track spac-
ing at lower latitudes and the angled orientation to the ice flow make
height assessments less accurate’”, Over seaice, accurate delineation
and measurement of leads and sea ice pressure ridges is required for
assessment of changes in ice mass balance, and the retrieval of such
properties remains challenged by the current sensor resolution?®and
the presence of clouds, while the penetration of meltwater ponds on
seaice in summer limits the retrieval of ice thickness during the melt
season”’. The longlatency of sea ice data products prohibits their usage
byinternationalice services and for weather forecasting, whichrequire
near-real-time information™.

Vegetationmonitoring by laser altimetry also has faced limitations,
as both GEDI and ICESat-2’s vegetation height and AGB accuracies are
negatively affected by slopes. Additionally, the geolocation uncertainty
of GEDI datais relatively large for laser altimetry (<10 m)*"', which compli-
cates high-resolution fusionbetween GEDIl and datasets obtained from
SARand optical sensors™, as well as validation efforts with airborne lidar
and field datasets. As geolocation of GEDI dataimproves over time, sub-
stantial refinements are seeninforest structure and height products™
Some of the limitations in spatial coverage can be overcome through
fusion of GEDIand ICESat-2 data, extendinginformation at high northern
latitudes where GEDI data are unavailable'?. Anideal laser altimetry mis-
sionfor vegetation would include enough beams (or scanning capabili-
ties) to provide amapping capability with sufficient sampling to capture
important subannual dynamics of phenological cycles.

Looking forward, for land ice, the sampling must be at least
seasonal, to capture the massloss processes driving the changes (such
as iceberg calving and ice-shelf basal melting) in the most dynamic
regions of the ice sheets and glaciers. To meet operational needs in
sea-ice-covered waters, improve predictive capability and track syn-
optic variability, daily-to-weekly sampling of sea ice concentration,
thickness and velocity across both the polar and subpolar seas and
their marginal ice zones should be provided with low latency. Emerg-
ing techniques®” that use dual-band radar altimetry seek to improve
estimates of snow depth on sea ice, which is essential for measuring
seaice thickness and estimating mass balance.

Infuture missions, the observations should ensure global coverage
and provide canopy height estimates with accuracies of 1-2 m at the
1-hectare scale. Combining terrain and canopy height measurements
with other satellite datasets, such as multispectral imagery and SAR,
will help to reduce the uncertainty of global carbon stocks and provide
other information necessary for quantifying biodiversity, habitat
fragmentation and forest management'*. Spatially explicit maps
of aboveground biomass and carbon fluxes are needed to support
climate-related policy decisions now and into the future.

Themostserious threat to future observational capabilitiesis that
there is currently no planned satellite laser altimeter mission beyond
ICESat-2 and GEDI. The continuous acquisition of high-resolution laser
altimetry data over the cryosphere and terrestrial ecosystems from
spaceis needed to advance mechanistic understanding of trends and
variability in land ice, sea ice and vegetation. The success of satellite
laser altimetry for Earth system science has been enhanced by its ability
to simultaneously retrieve data over multiple surfaces, which shows
the value of using a single measurement approach for multiple appli-
cations.Indeed, many of the parameters monitored by laser altimetry
are climate variables that are interlinked but are from different disci-
plines of Earth science. Emerging on-demand rapid data analysis tech-

niques can be used to serve multiple communities simultaneously?*.
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We recommend that the various research communities being served

by these data should work together across disciplines
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to identify

common measurement requirements and goals. That way, the next
generation of satellite laser altimeter missions will be targeting the
criticalinterdisciplinary questions in the Earth system and will be well
supported by the community and public.
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