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Abstract. Lidar is an effective tool to measure snow depth over key watersheds across the United States. Lidar-derived snow
depth observations from airborne platforms have demonstrated centimeter-level accuracy at high spatial resolution. However,
ground-based and airborne lidar surveys are costly and limited in space and time. In recent years, there has been an emerging
interest in using spaceborne lidar to estimate snow depth. Preliminary results from spaceborne lidar altimeters such as the
NASA Ice, Cloud, and Land Elevation Satellite-2 (ICESat-2) can provide routine snow depth retrievals over watersheds, though
further research on accuracy, coverage, and operational potential is needed. In this review, we outline the current status of
research using spaceborne lidar to derive snow depth. We focus on the currently operational ICESat-2 mission, with a summary
of snow observations gathered from previous studies. An example snow depth retrieval using ICESat-2 is also given over the
Alaskan tundra. We also outline best practices for spaceborne lidar snow depth retrieval, based on findings from recent studies.
We conclude with a discussion of ongoing challenges for spaceborne lidar, with suggestions for future studies and requirements

for future mission concepts.

1 Introduction

Seasonal snow is a critical factor in Earth’s climatological, ecological, and hydrological processes. Annually, seasonal snow
covers a maximum extent of approximately 36% of the Earth’s Northern Hemisphere (Estilow et al., 2015; Wrzesien et al.,
2019), reflecting a significant portion of the incoming solar radiation and helping to cool the planet. Snow plays an integral
role in the well-being of many high-latitude wildlife species and ecosystems, including the boreal forest, the largest terrestrial
ecosystem (Boelman et al., 2019; Reinking et al., 2022). Melt water from seasonal snow accounts for approximately one-
sixth of the world’s freshwater supply and supports numerous hydrologic applications including hydropower, agriculture, and
recreation (Barnett et al., 2005; Li et al., 2017). For these reasons, snow is listed as a future research need in a recent report

by the Intergovernmental Panel on Climate Change (IPCC, 2022). Snow water equivalent (SWE) and depth are also identified
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as Essential Climate Variables needed to better understand our changing climate by the Global Climate Observing System
Implementation Plan (GCOS, 2022) and the 2017 Decadal Survey for earth science (NASEM, 2018).

As snow is highly variable over space and time (Sturm et al., 2010), it is especially important to capture SWE heterogeneity
at basin-wide scales to accurately reproduce observed snowmelt, runoff, and streamflow in models (Brauchli et al., 2017,
DeBeer and Pomeroy, 2017; Kiewiet et al., 2022). Frequent, high-resolution, spatially-distributed observations are needed to
characterize this important component of the water and energy cycle. The observational requirements for SWE and snow depth
stated in the GCOS Implementation Plan and the 2017 Decadal Survey suggest a spatial resolution of 500 m to 1 km, with
higher resolution (100 m) needed in the mountains. Additional requirements include a temporal frequency of 1-5 days and an
accuracy of 10-20%. While-many-

Many properties of snow are currently observable globally by satellites, including snow extent and albedo;—we-currently—,
Spaceborne technologies, notably multispectral imagers, have been most successful at mapping snow cover on the global scale.

Currently, methods exist for mapping snow cover with the Landsat collection (??), Sentinel-2 (?), the Moderate Resolution
Imaging Spectroradiometer (MODIS; Hall et al., 2002), and the Visible Infrared Imaging Radiometer Suite (VIIRS; Ri

. Methods also exist for retrieving the albedo and optical

methods for snow depth and SWE are documented for sensors such as the Advanced Microwave Scanning Radiometer 2
AMSR-2; ?) and Sentinel-1A (?). While these approaches offer valuable snow information at global and regional scales

they are challenged by multiple factors, including snow conditions (e.g., dry, wet, deep, or shallow snow), vegetation, and
topography. Because of these challenges, we lack information about snow depth and SWE at the recommended scales needed

s et al.,

size of snow using MODIS and Sentinel-3 (??). Retrieval

to inform climate and water resource applications.

Recent studies have shown that it is possible to measure snow depth and fill gaps in global snow measurement capabilities
from space using lidar altimetry. This is an appealing alternative to in-situ and airborne lidar methods because of its potential
for global-scale observations. Spaceborne lidar derives snow depth using methods established with airborne lidar, including
differential altimetry, and unique methods (Section 4). Spaceborne lidar altimeters, such as the Ice, Cloud, and Land Elevation
Satellite-2 (ICESat-2; Markus et al., 2017) and the Global Ecosystem Dynamics Investigation (GEDI; Dubayah et al., 2020),
provide accurate elevation observations, with centimeter-level accuracy for ICESat-2 over ice sheets and decimeter-level accu-
racy for both GEDI and ICESat-2 over forests (Adam et al., 2020; Brunt et al., 2021). Although current spaceborne platforms
have relatively long revisit times and coarse across-track sampling, satellite altimetry could theoretically be used for routine
measurements of snow depth over key watersheds, such as the Tuolumne River Basin in California, USA or the European Alps.

In this paper, we review the current status of research using spaceborne lidar, and evaluate its potential to derive snow depth
to meet the research and operational needs of-the-hydrology-community-Our-diseussion-to accurately derive SWE. Our review
is based on an extensive literature search using SciSpace, Web of Science, and research previously published by the authors.
Based on our literature search, we determined that existing research on the subject concentrates on the currently operational

ICESat-2 mission. We summarize published studies and present a case study over the tundra of Alaska to demonstrate accuracy
and uncertainty estimates for several current methods. We also document challenges for current measurement approaches, with

suggestions for future studies. We focus on terrestrial snow in this paper, but we acknowledge that snow depth retrievals have
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also been attempted over land ice (Enderlin et al., 2022; Hu et al., 2022b; Lu et al., 2022) and sea ice (Hu et al., 2022b; Kwok
et al., 2020; Lu et al., 2022). Snow depth measurements over ice masses have different challenges that are outside the scope of

this review.

> BasicLidarPrineiol

e

2 Spaceborne Lidar Missions

Spaceborne lidar systems follow similar principles to their airborne and ground-based counterparts. A detailed review of
airborne and ground-based lidar is provided by (Deems et al., 2013) for interested readers. For a given instrument, key observation.
parameters include the footprint size, along-track resolution, and across-track resolution. A graphic outlining these terms is
shown in Figure 1. The footprint size represents the diameter of individual laser pulses at the surface. The footprint size
is typically small - for instance, ICESat-2 has a footprint size of 11 m. Along-track resolution is determined by the pulse
repetition rate of the instrument, and it defines the spacing between consecutive observations along the satellite track. For
example, the base-level ICESat-2 product has an along-track resolution of 0.7 m. Across-track resolution describes effective
width of a lidar swath, which can span kilometers for multi-beam systems like ICESat-2 and GEDL. However, these multi-beam
configurations create data gaps between individual beams within the swath,

A full list of known spaceborne lidar platforms and their operational periods may be found in Figure 2. The space-based
lidar instruments used-to-measure-snow-depth-listed have two primary measurement medalitiesmodality: waveform-based and

photon-counting. Waveform lidar systems record the change in amplitude, or signal strength of the return, over time. The shape

of the received waveform is sensitive to terrain characteristics such as surface roughness, which may cause centimeter-to-

decimeter levels of bias in the final elevation measurement (Dong and Chen, 2017). Waveform-based-spacebornelidars-include

Photon-counting lidar systems offer a

the-instrument-are-time-tagged-and-geoloeated-an alternative by time-tagging and geolocating received photons relative to a

transmitted signal (Luthcke et al., 2021). Received photons are distinguished as signal or noise using automatic classification

algorithms that are based on either histograms of detected photons (Neumann et al., 2019) or more complex algorithms using

iterative nearest-neighbor filters Neuenschwander and Pitts, 2019) or photon-density
approaches (Herzfeld et al., 2017).

platforms,whiehresultsin-While these systems provide improved along-track spatial resolution and-identification-of fine-seale
surfacefeatures—A-drawbaekis-thatthe compared to waveform-based platforms, their lower transmitted energy ef-these-systems

results—in—more-attentation—through-surfacesresults in greater attenuation through surface with low reflectanceat-the-laser
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-track resolution, across-track resolution, and footprint size. In this example, the

swath width (across-track resolution) is approximately 120 m, the footprint size is 10 m, and the along-track resolution is 50 m. Note that
these values do not reflect any active or proposed spaceborne lidar mission, and they were arbitrarily selected for visualization purposes.
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wavelength, which may limit measurement coverage. At-the-time-of-writing; ICESat-2-eurrently-is-the-only-active-eivil-spaee

In thisseetionthe following subsections, we describe the individual spaceborne lidar missions that have been used for snow
studies—A-fulHistof known-spaceborne lidar platforms-and-their-operational-periods-may-befound-in-Figure+—; ICESat, GEDI,
and ICESat-2. A summary of the technical specifications for each spaceborne lidar is given in Table 1. We recognize here
that the-retired and future missions shown in Figure 1 that include spaceborne lidar technology. The Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) mission included the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) as part of its scientific payload (Winker et al., 2009). The CALIOP instrument used polarized lidar backscatter to
generate vertical profiles of clouds and aerosols in the atmosphere. Similarly, the Cloud-Aerosol Transport System (CATS) was
a lidar onboard the International Space Station with similar science objectives to CALIPSO (McGill et al., 2015). However,
both CALIPSO and CATS lacked surface elevation data products, and along-track resolution at the surface was compromised
in favor of fine vertical resolution. Because of these limitations, the only snow application for CALIPSO known by the authors
is the blowing snow product (Palm et al., 2017), and CATS has no known snow applications. Hence, we do not provide further
discussion on CALIPSO or CATS in this paper. The Earth Dynamics Geodetic Explorer (EDGE) and the Surface Topography
and Vegetation (STV) mission concepts are proposed spaceborne platforms that may include lidar as part of their respective

payloads. If launched, both missions would become operational in the 2030s (Figure 1). More information about these missions

may be found in Section 7:56.5.
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ICESat GEDI ICESat-2 Ds17/GCOs
SensoiType Waveform .Waveform  Photon-counting —
Wavelength 1064nm 1064nm .532nm —
Footprintdiameter 70m 25m Alm —
Numberof groundtracks 1 . 8 6 —
Repeatime 2-3limesperyear 3days . 91days 3-5days
Max. Latitude 86 51.6 88 88 (global)
Along-trackresolution A72m 60m 0.7m 100m
Cross-trackspacing — 600m 3.3km 100m
Table 1. Instrumentspeci cationsfor the spaceborndidar platformsdlscussedn detall in_this study. The recommendatlonglven by the

2.1 ICESat

The original ICESat mission was launched in early 2002 with the goal of measuring interannual changes in ice elevation.
Its sole onboard instrument, the Geoscience Laser Altimeter System (GLAS), primarily operated at 1064 nm, but it also
included a photon-counting-based 532 nm channel to detect clouds and aerosols. The laser red at a rate of 40 Hz with a 70
m footprint, with each measurement separated by 170 m along-track (Schutz et al., 2005). ICESat was originally conceived
to operate continuously, but an engineering aw in the three lasers required a change in the operation of GLAS to maximize
laser lifetime (Abshire et al., 2005). ICESat performed a total of 18 33-day campaigns before ceasing operations in late 2009
(https://nsidc.org/sites/default/ les/laseroperationalperiods.pdf).

The main altimetry products from ICESat are the GLAS/ICESat Level-2 products (GLAH12-15). Of these, the Global
Land Surface Altimetry product (GLAH14) is designed for land-based elevation observations, so it is the preferred ICESat
product for calculating the difference in elevation between snow-on and snow-free conditions to infer snow depth (Treichler
and Kaab, 2017). However, there is approximately 70 km cross-track spacing at the mid-latitudes as a consequence of the
limited observation strategy, so the coverage of ICESat is notably less comprehensive than other platforms over mid-latitude
watersheds (Figurga3a).

2.2 GEDI

The GEDI mission was designed to measure canopy height and structure from space (Dubayah et al., 2020). GEDI was
launched and added to the International Space Station (ISS) in December 2018 with a planned operational period of 2 years
The instrument operated continuously until it was temporarily placed in storage in March 2023 and returned to service in April
2024. GEDI is a full waveform lidar with a 1064 nm wavelength, similar to ICESat. The structure of the received waveform

is used to distinguish between the ground and the canopy, and changes in the waveform amplitude and shape relative to th
transmit pulse are used to derive canopy metrics. The GEDI footprint is 25 m in diameter, with 60 m along-track sampling
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figures/figl_lidar_missions_v2.PNG

Figure 2. A timeline of known spaceborndidar missionsfor Earth Observationfrom, 2000-presentBars are colored by the primary

from 8 beams that are spaced 600 m apart in the cross-track direction (https://gedi.umd.edu). The GEDI product relevant for
snow depth is the Level-2A product, which provides along-track ground elevation and canopy height estimates. Coverage and
sampling density is limited by the ISS orbit inclination of 51.6°, though dense spatial coverage is available in the mid-latitudes
(Figure2€3c).

2.3 ICESat-2

The ICESat-2 mission was launched in September 2018 to continue measurements of surface height of ice sheets and se

ice, as begun by ICESat, as well as vegetation height. Like ICESat, it carries a single instrument, the Advanced Topographic






