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The application of diffusion theory and Monte Carlo lidar radiative transfer simulations
presented in Part I of this series of study suggests that snow depth can be derived from the
first-, second- and third-order moments of the lidar backscattering pathlength distribution.
These methods are now applied to the satellite ICESat-2 lidar measurements over the
Arctic sea ice and land surfaces of Northern Hemisphere. Over the Arctic sea ice, the
ICESat-2 retrieved snow depths agree well with co-located IceBridge snow radar
measured values with a root-mean-square (RMS) difference of 7.8 cm or 29.2% of the
mean snow depth. The terrestrial snow depths derived from ICESat-2 show drastic spatial
variation of the snowpack along ICESat-2 ground tracks over the Northern Hemisphere,
which are consistent with the University of Arizona (UA) and Canadian Meteorological
Centre (CMC) gridded daily snow products. The RMS difference in snow depths between
ICESat-2 and UA gridded daily snow products is 14 cm, or 28% of the mean UA snow
depth. To better understand these results, we also discuss the possible sources of errors
in ICESat-2 derived snow depths, including surface roughness within the laser footprint,
atmospheric forward scattering, solar background noise, and detector dark current.
Simulation results indicate that the snow depth errors would be less than 5 cm if the
standard deviation of pulse spreading due to surface roughness is within 50 cm. Our
results demonstrate that the ICESat-2 lidar measurements can be used to reliably derive
snow depth, which is a critical geophysical parameter for cryosphere studies including sea
ice thickness estimation and also provides important constraints in the modeling of
terrestrial hydrological processes.
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INTRODUCTION

Accurate characterization of snow depth is important for
hydroelectric operations, forecasting freshwater, snow melt, and
land resource availability for communities, and prediction of
climate change impacts (Clark et al., 2011; Zeng et al., 2018;
Mortimer et al., 2020; Pulliainen et al., 2020; Tutton and Way,
2021). In the polar regions, knowledge of contemporaneous snow
depth on sea ice is important both to constrain the regional
climatology and to improve the accuracy of satellite altimeter
estimates of sea ice thickness (Brucker and Markus, 2013;
Newman et al., 2014; Kwok et al., 2020). Snow depth can be
retrieved through in situ (Lejeune et al., 2019; Ménard et al., 2019;
Wagner et al., 2021) and remote sensing techniques including satellite
passive microwave radiometers such as the Advanced Microwave
Scanning Radiometer (AMSR-E/AMSR2) (Markus and Cavalieri,
1998; Kelly, 2009; Kilic et al., 2019); suborbital snow radar such as the
airborne IceBridge radar (Kurtz and Farrell, 2011; Kurtz et al., 2013;
Kwok et al., 2017); and satellite radar altimeters such as CryoSat-2
and Sentinel-1 (Kwok et al., 2020; Lievens et al., 2022). In situ and
suborbital snow measurements with high spatial resolution are
typically limited in area, and measurements are especially
challenging in remote areas such as mountains and the polar
regions. Satellite microwave-based snow depth has relatively coarse
spatial resolutions with grid sizes of 12.5 to around 100 km (Kelly,
2009; Takala et al., 2011) and has a tendency to saturate at ~0.8m
snow depth (Lievens et al., 2022), which limits the usability of
applications where higher spatial resolutions and improved
accuracies are required. To study snowpack on the ice, current
satellite radar altimeters such as CryoSat-2 measure the bottom
height of the snow layer, i.e., the snow-ice interface, and needs the
snow layer top height information to estimate the snow depth
(Kacimi and Kwok, 2020; Kwok et al., 2020).

The Advanced Topographic Laser Altimeter System (ATLAS)
instrument, onboard the Ice, Cloud, and land Elevation Satellite-2
(ICESat-2) launched on 15 September 2018, is designed to measure
ice-sheet topography and sea ice freeboard as well as atmospheric
properties and global vegetation (Markus et al., 2017;Martino et al.,
2019). ATLAS is a 532 nm photon-counting laser altimeter with a
10-kHz pulse repetition rate, a nominal 11-m footprint diameter
with an along-track sampling interval of 0.7 m at the Earth’s
surface (Magruder and Brunt, 2018; Martino et al., 2019;
Neumann et al., 2019; Magruder et al., 2020). The ICESat-2
ATLAS measurement scenario is entirely different from two
previous Earth science spaceborne lidars, namely ICESat
(Abshire et al., 2005) and Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) (Hunt et al., 2009). Unlike ICESat and
CALIOP, ATLAS uses photomultiplier tubes (PMTs) as detectors
in photon counting mode where individual photons reflected from
Earth’s surface are timed with approximately 200 ps high temporal
precision (Martino et al., 2019). This single-photon-sensitive
detection technique used by ATLAS to measure photon time of
flight provides the high-quality, high-accuracy topographic
measurements required to detect small temporal changes in
polar ice elevations (Neumann et al., 2019).

Seasonal snow depths can be estimated using ICESat-2 ATL08
terrain elevation data (Neuenschwander et al., 2021) and multiple

reference digital elevation models (DEMs) based on snow-on and
snow-off measurements (Shean et al., 2021; Hu X. et al., 2022).
However, the snow depth retrievals from currently available altimetry
crossovers with snow-on and snow-off measurements are sparse and
noisy (Shean et al., 2021). Moreover, the quality and vertical accuracy
of reference DEMs (Treichler and Kääb, 2017; Liu et al., 2020), and
the spatial resolution differences between ICESat-2 and the reference
DEMs, can affect the snow depth retrievals as well.

To overcome these limitations, Hu Y. et al. (2022) developed a
novel method of deriving snow depth using vertically resolved and
multiple-scattered lidar signals returned from a snow layer.
Fortunately, the ICESat-2 ATL03 global geolocated photon data
set (Neumann et al., 2021) provides the very high vertical
resolution of surface-returned photons including the subsurface
photons that penetrate into the snowpack and undergo multiple
scattering, which offers a unique and exciting opportunity to study
snow depth using ICESat-2 lidar multiple scattering measurements
from snow. This article is the second part of our study on deriving
snow depth directly from ICESat-2 measured snow surface and
subsurface photons. Part I (Hu Y. et al. (2022)) presents the
theoretical basis from Monte Carlo lidar radiative transfer
simulation and the retrieved snow depth results over Antarctic ice
sheet and Arctic sea ice from ICESat-2 lidar multiple scattering
measurements. This article (Part II) examines the ICESat-2 derived
snow depth via comparisons with co-located suborbital IceBridge
measured snow depth values on sea ice (Kurtz et al., 2013),
climatological snow depth (Warren et al., 1999), and the terrestrial
snow depth products available from the National Snow and Ice Data
Center (NSIDC) (Brown and Brasnett, 2010; Zeng et al., 2018). The
possible sources of errors in estimating snow depths from ICESat-2
lidar multiple scattering measurements are discussed and quantified
to enable further improvements and corrections to the techniques
presented in this study, including snow surface morphology,
atmospheric aerosol forward scattering, solar background noise,
and detector dark current. Using the methodology presented in
this study, ICESat-2 is found to be a highly capable system for
quantification of global snow depth at very fine spatial scales.

DATA SETS

In this section, we provide a brief description of the ICESat-2
ATL03 global geolocated photon data and other snow depth data
sets used in this article.

ICESat-2 ATL03 Photon Data
The analysis and snow depth results presented in this work use
version 5 of ICESat-2 ATL03 geolocated photon data (Neumann
et al., 2021), which are distributed in HDF5 format in granules
spanning ~1/14 of a complete orbit and are publicly available
through NSIDC (https://nsidc.org/data/ATL03). The ATL03
product was designed to be a single source for all photon data
and ancillary information (e.g., the ATLAS impulse response
function) required by one or more higher level data products
(Neumann et al., 2018). Each individual photon in the ATL03
product is time tagged and geolocated. We aggregate snow
surface returned photons from three strong beams over 10
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consecutive laser pulses (~7 m along-track direction) to increase
the signal-to-noise ratio of surface vertical profiles (e.g., Figure 1)

IceBridge Snow Depth
The IceBridge airborne radar system measures the return radar
signal as a function of time. Snow depth is then determined by
detecting the snow-air and snow-ice interfaces within the radar
waveform and multiplying the time separation between the
interfaces by the speed of light within the snowpack. Details of
the snow depth retrieval process from IceBridge snow radar are
provided in Kurtz and Farrell (2011), Farrell et al. (2012), Kurtz
et al. (2013), and Newman et al. (2014).

The IceBridge product (IDCSI4) available in ASCII format via
NSIDC contains three fundamentally important sea ice properties:
sea ice freeboard, snow depth, and sea ice thickness (Kurtz et al.,
2015). The snow radar has a footprint size of 11m across track and
14.5 m along track. The snow depth data are averaged in the along-
track direction to a 40-m length scale. IceBridge suborbital
campaigns were conducted on an annual repeating basis from
2009 to 2019. The snow depth data from IceBridge Arctic
campaigns in April 2019 are compared against co-located
ICESat-2 retrieved snow depths shown in Methodology.

UA Daily 4 km Gridded Snow Depth From
Assimilated In Situ and Modeled Data
The University of Arizona (UA) daily 4 km gridded snow data set
(Version 1) used in this study was developed by consistently
assimilating 1) in situ measurements of snow water equivalent
(SWE) and snow depth at thousands of stations from the U.S.
Department of Agriculture Natural Resources Conservation
Service and California Department of Water Resources Snow
Telemetry (SNOTEL) network (Serreze et al., 1999), 2)
Parameter-elevation Regressions on Independent Slopes Model
(PRISM) daily 4 km gridded precipitation and temperature data
(Daly et al., 2000), and 3) snow depth data from the National

Weather Service’s Cooperative Observer (COOP) network
(Broxton et al., 2016a; Dawson et al., 2017; Zeng et al., 2018).
This snow product provides daily 4 km-spacing snow depth over
the conterminous United States from 1981 to 2020, and is available
at NSIDC (Broxton et al., 2019). In particular, it has passed five
rigorous tests: point-to-point interpolations (Broxton et al., 2016a),
point-to-grid interpolations (Broxton et al., 2016b), evaluations
against independent snow cover extent data (Dawson et al., 2018),
evaluations against independent airborne lidar snow depth
measurements (Dawson et al., 2018), and evaluations against
independent airborne Gamma SWE measurements (Cho et al.,
2020). As a reliable gridded snow product over the conterminous
United Sates, the UA daily 4-km gridded snow depth is used to
evaluate ICESat-2 retrieved snow depth over mountainous terrain.

Canadian Meteorological Centre Daily
Snow Depth (Version 1)
The CMC version 1 snow product includes daily analyzed snow
depths, monthly means and climatologies of snow depth, and
estimated SWE from 1998 through 2020 over the Northern
Hemisphere with a standard 24-km polar stereographic grid
(Brown and Brasnett, 2010). The snow depth analysis is
performed using real time, in situ daily snow depth
observations, and optimal interpolation with a first-guess field
generated from a simple snow accumulation and melt mode. The
CMC snow depth analysis is not homogeneous in data-sparse
regions, such as Arctic and mountain regions. In the locations
where there are no observations of snow depth, the snow depth
shown in the analysis corresponds to the initial guess field using
simplified assumptions regarding snowfall, melt, and aging. Here
the CMC daily 24-km gridded snow depth is used to compare
with ICESat-2 retrieved terrestrial snow depth in the Northern
Hemisphere, where the higher quality UA 4-km gridded snow
depth product is not available at latitudes >50°N.

Snow Depth Climatology
The widely used snow depth climatology in the Arctic was
developed by Warren et al. (1999) based on stake
measurements and survey lines located on multiyear sea ice
during the period 1954F02D1991. The monthly mean of snow
depth can be obtained from a two-dimensional quadratic
function, which was fitted by a least squares procedure to the
measured snow depth values (Warren et al., 1999). The
climatology of snow depth is most applicable to areas
containing a high proportion of multiyear ice, such as north
of the coasts of Greenland and Ellesmere Island (Newman et al.,
2014). As a result, the climatology may no longer provide
accurate snow depth due to the large observed loss of
multiyear ice in recent years (Kurtz and Farrell, 2011). In this
study, the climatology is used to show the geographical pattern of
the snow depth along ICESat-2 ground tracks (e.g., Figure 4).

METHODOLOGY

In this section, we describe the methods used to retrieve snow
depth from the ICESat-2 measured snow multiple scattering

FIGURE 1 | Snow profiles measured by ICESat-2 before (blue) and after
(red) deconvolution process, and its system impulse response from model
(green) and land surface return (black). Altitude zero is the snow surface and
altitudes below and above snow surface are negative and positive
values, respectively.
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profiles. First, a deconvolution method to remove the time delay
due to instrument artifacts is briefly described. The snow depth is
then derived from the corrected multiple scattering photon
pathlength distribution in snow.

Deconvolution to Remove After Pulses
Artifacts on Snow Profiles
One characteristic of ICESat-2 detected photons is the possible
presence of after pulses, defined as small amplitude pulses
occurring after the primary signal pulse (Martino et al., 2020;
Lu et al., 2021b). The after pulses can be orders of magnitude
stronger than the subsurface signals. As a result, users of ICESat-2
ATL03 data should use extreme caution when extracting
information from the subsurface photons, such as ocean
subsurface phytoplankton properties retrievals (Lu et al.,
2020b; 2021a).

The ICESat-2 observed signal βm(z) is a convolution of the
correct backscattering signal, β(z), and the detector’s impulse
response function F(z), which can be written as:
βm(z) � F(z)pβ(z), where z is the altitude (Lu et al., 2020a;
2020b). The correct backscattering signal of the scattering
medium can be retrieved by applying a deconvolution process:
β(z) � F−1(z)βm(z), where F−1(z) is the inverse of F(z). The
ICESat-2 on-orbit data demonstrate that the detector’s impulse
responses, F(z), for different months and surface types are
essentially identical (Lu et al., 2021b). Figure 1 gives an
example of the ICESat-2 measured snow profile (blue), the
impulse response function from model fitting (green) (Martino
et al., 2020), the land surface return (black), and the
deconvolution result of snow profile (red). The land surface
roughness within the laser footprint can broaden the land
backscattering signal (black curve in Figure 1) within several
meters from surface. Thus, the fitting model (green in Figure 1)
up to 9 m and land response (black) from 9 to 45 m are used as the
impulse response function F(z) in the deconvolution process.
Compared with the measured snow profile (blue in Figure 1) that
has after pulses effects at ~2.3 and 4.2 m below the snow surface
(0 m), the deconvolution result (red in Figure 1) has no sharp
echoes below the snow surface.

Figure 2 shows the ICESat-2 measured snow backscattering
signal before (βm(z)) and after (β(z)) deconvolution process
along ground track. The background colors represent the
ICESat-2 measured photon counts normalized by the snow
surface photons. The snow surface is set to be at 0 m.
Altitudes below snow surface are negative values. Results
shown in Figures 1, 2 demonstrate that the deconvolution
method can effectively remove artifacts in snow profiles due to
after pulses.

Snow Depth Retrieval From ICESat-2 Data
Based on diffusion theory andMonte Carlo simulations, the snow
depth (h) can be derived from the first- (method 1), second-
(method 2), and third-order (method 3) moments of the snow
multiple scattering photon path distribution p(z) measured by
ICESat-2 [Hu Y. et al. (2022)]:

h � ∫1

−20zp(z)dz∫1

−20p(z)dz
, (1)

h � ⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝4∫1

−20z
2p(z)dz

ksd∫1

−20p(z)dz
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

1/3

, (2)

h � ⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝8∫1

−20z
3p(z)dz

k2sd∫1

−20p(z)dz
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

1/5

, (3)

where p(z) = β(z)exp(2kaz) is the absorption-free snow
backscattering pathlength distribution; β(z) is the ICESat-2
measured snow backscattering signal as shown in Figures 1, 2
after deconvolution process; ka is the snow absorption coefficient;
z is the depth below the snow surface, and ksd is the snow diffuse
scattering coefficient, which can be obtained from the snow
albedo and absorption coefficient [Bohren and Barkstrom1974,
Hu Y. et al. (2022)]. The integral from 20 m below primary snow
surface to 1 m above snow surface (e.g., red curve in Figure 1) is
used in this study. However, the lower limit of the integral can be
greater than 20 m whenmore subsurface photons from snowpack
are downlinked. The snow albedo at 532 nm can be derived from
ICESat-2 lidar measurements as: α � ∫ β(z)dz∫p(z)dz. The snow
absorption coefficient (ka) at 532 nm can be obtained through
an iterative procedure when the snow depths by the three
methods (Eqs 1–3) converge. More details of diffusion theory
within the snow layer can be found in Hu Y. et al. (2022).

The advantage of the snow depth method, which uses the
ICESat-2 measured snow multiple scattering photon path
distribution (snow vertical profiles), is that this method does
not need 1) local tide and geoid values for surface elevation
retrievals, 2) any reference DEM models, and 3) snow-off
measurements (Shean et al., 2021; Hu X. et al., 2022).
Compared with snow depth from passive microwave
radiometers such as AMSR2 snow depth, the proposed
ICESat-2 snow depth method can be applied to first year,
multiyear sea ice, and terrestrial snow surfaces with a spatial
resolution of several meters.

SNOW DEPTH RESULTS

Arctic Snow Results
The technique is applied to snow above Arctic sea ice along
ICESat-2 ground tracks on (a) April 12, (b) April 19, and (c) 22
April 2019. The locations of the corresponding ICESat-2 (black
lines) and Operation IceBridge (colored lines and curves) field
campaign ground tracks are shown in Figure 3. The distances
between ICESat-2 and IceBridge ground footprints are up to
4 km. Figure 4 shows the snow depth comparisons from three
different sources: ICESat-2 (blue, green, and black curves),
IceBridge (gray dots and red), and climatology snow depth
(pink) by Warren et al. (1999). The IceBridge snow depths
shown in red in Figure 4 are the 3.6-km along track running
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mean values. The ICESat-2 snow depths in Figure 4 are from the
central strong beammeasurements (beam 2), which are nearest to
IceBridge field campaign (up to 1 km) compared with those from
strong beam 1 and beam 3 measurements (up to 4 km).

The proposed snow depth method can be applied to ICESat-2
three strong beams measurements. Figure 5A shows the snow
depth comparisons between ICESat-2 (x-axis) and the Operation
IceBridge field campaign (y-axis) on April 12, 19, and 22, 2019
from three strong beams where the distances between the two
instruments are less than 4 km (for locations see Figure 3). The
histograms showing the snow depth distributions and the snow
depth differences are given in Figures 5B,C. The statistical results
indicate that the mean difference between the two snow depths is
~1.5 cmwith an RMS difference of ~7.8 cm (or 29.2% of the mean
snow depth) and a standard deviation of ~9.6 cm. On 6 April
2019 (locations shown in Figure 3), 22 crossovers with the
distances between ICESat-2 and IceBridge ground tracks less
than 15 m are found. Figure 5D shows the scatter plot of snow
depth comparison results using the measurements on 6 April
2019. Themean snow depth on 6 April 2019 north of the coasts of
Greenland is ~40 ± 7 cm from ICESat-2, and 41 ± 11 cm from
IceBridge (locations shown in Figure 3).

Terrestrial Snow Results
An accurate knowledge of snow depth in mountain catchments is
critical for applications in hydrology and ecology. This section presents
the ICESat-2 retrieved snow depth over land surface including
mountainous terrain. Figure 6 shows the snow depth comparisons
from three different sources on 27 March 2020: ICESat-2 snow depth
by Eq. 1 (blue), UA daily 4 km gridded snow product (red), and CMC
daily 24 km gridded snow product (green). The ICESat-2 results in
panels a, b, and c are from strong beam 1, 2, and 3 measurements,
respectively, which are separated by ~3.3 km in the across-track
direction. The corresponding ICESat-2 ground track is shown as
solid black line in Figure 7A, where the background color is the

FIGURE 2 | Snow profiles derived from ICESat-2 measurements along ground track over Antarctica before (A) and after (B) deconvolution. The after-pulse effects
are correctly removed by deconvolution process. The colors represent the photon counts normalized by the snow surface photons. The snow surface is set to be at 0 m.
Altitudes below the snow surface are represented as negative values.

FIGURE 3 | The ICESat-2 (black lines labeled with 4 digital numbers
indicating the reference ground tracks, RGTs) and IceBridge (colored curves)
ground tracks in April 2019 over Arctic sea ice. The color bar represents the
IceBridge snow depth in cm.
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FIGURE 4 | Comparison of snow depth from three different sources: ICESat-2 snow depths by Eqs 1–3 (blue, green, and black) from central strong beam,
IceBridge snow depth (gray points, red curve), and climatology snow depth (pink) by Warren et al. (1999). The ICESat-2 and IceBridge ground tracks on April 12 (A),
19 (B), and 22 (C), 2019 are shown as black lines in Figure 3.

FIGURE 5 | (A) Comparison of snow depth: ICESat-2 (x-axis) versus co-located IceBridge snow radar (y-axis). Co-location is found when the footprints distances
between two instruments are less than 4 km. The color bar represents the number of co-located observations. (B) Histogram of ICESat-2 and IceBridge snow depth
distributions. (C) Histogram showing the snow depth differences between ICESat-2 and IceBridge. (D) Scatter plots between ICESat-2 and IceBridge snow depths at
the crossovers on 6 April 2019 (see Figure 3), where the distances between the two instruments are less than 15 m.
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snow depth in meters from UA daily 4 km gridded snow product on
27 March 2020. The ICESat-2 retrieved snow depths are in good
general agreement with the daily gridded snow depths.

The results of Figure 6 show that the snow depths can be more
than 90 cm or lower than 10 cm over mountainous terrain for
latitudes from 39°N to 46°N. The average snow depth between
these latitudes from the three panels is 54 ± 23 cm from ICESat-2,
50 ± 17 cm from the UA 4-km product, and 69 ± 49 cm from the
CMC 24-km product. The RMS difference between ICESat-2 andUA
snowdepth is 21 cm,while the RMSdifference betweenUAandCMC
snow depth is 37 cm. These results suggest that the agreement
between the ICESat-2 and UA data is much better than that
between the CMC and UA data. The snow depth disagreement
shown in Figure 6 and the errors of ICESat-2 retrieved snow
depth due to surface roughness are discussed in Discussion.

Figure 7B presents the snowdepth comparisons between ICESat-
2 and UA daily 4 km gridded snow product in March 2020, which

includes the cases with the distance between ICESat-2 ground track
and the center of gridded pixels less than 50m. The corresponding
ICESat-2 ground tracks in March 2020 are shown as lines in
Figure 7A. The RMS difference between the two snow depths is
~14 cm, or 28% of themean snow depth from the UA 4-km product.

DISCUSSION

The results in Snow Depth Results indicate the overall reasonable
performance of snow depth derived from the ICESat-2 lidar
multiple scattering measurements. The snow depth
disagreement shown in Figure 6 is mainly due to the different
spatial resolutions and the snow depth variances within gridded
pixels because the daily gridded snow depths are the mean values
within each 4 km/or 24 km gridded pixel. On the other hand, the
snow depth can vary within 4 km/or 24 km pixels especially over

FIGURE 6 | The snow depth comparisons on 27 March 2020 from three different sources: ICESat-2 (blue), UA daily 4 km gridded snow product (red), and CMC
daily 24 km gridded snow product (green). The ICESat-2 ground track is shown as solid black line in Figure 7A. Note that the locations of x-axis are different in the three
panels for ICESat-2 three strong beams, which are separated by ~3.3 km in the across-track direction.

FIGURE 7 | (A) ICESat-2 ground tracks (lines) labeled with track RGTs over land surface in March 2020, the background color is the snow depth in meters from UA
daily 4 km gridded snow product on 27 March 2020. (B) Scatter plots between ICESat-2 and UA daily gridded snow depths in March 2020. The distances between the
ICESat-2 footprints and the center of gridded pixels are less than 50 m.
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mountain regions. The measurements time differences are
another reason for the snow depth disagreement shown in
Figure 6. The gridded daily snow depth is the average value
within each day, while the ICESat-2 measurement was made at a
specific time on each day, such as from 9:42 to 9:50 UTC along
ground tracks shown in Figure 6 on 27 March 2020.

We recognize that some of the errors are partly caused by the
tracks not exactly overlapping between ICESat-2 and IceBridge (e.g.,
Figure 5D), and by the inherent differences between a line (from
ICESat-2) and a grid box (from the UA data). However, some of the
errors may also be caused by noise in the ICESat-2 measured snow
profiles. The shape of the ICESat-2 snow profiles (e.g., Figures 1, 2)
can be affected primarily by Eq. 1 the system impulse response (e.g.,
transmitted pulse shape), 2) forward scattering in the atmosphere (e.g.,
Figures 3, 8), the surface height distribution within the footprint. As a
result, the photon path delay due to internal optical reflections in the
receiver system (Martino et al., 2020; Lu et al., 2021b), the atmospheric
forward scattering (Yang et al., 2011), and the surface roughness or
slope within the ICESat-2 laser footprint (~11m) are the error sources
on the retrieved snow depths from the ICESat-2 measured snow
multiple scattering photon pathlength distribution.

Lu et al. (2021b) have demonstrated that the ATLAS system
impulse response during different months and over different surface
types is essentially identical. The deconvolution method described in
Deconvolution to Remove After Pulses Artifacts on Snow Profiles can
effectively remove the photon delays due to system after pulses
artifacts (see Figures 1, 2). Atmospheric cloud/or aerosol forward
scattering can also increase the photon pathlength (Yang et al., 2011).
Figure 8 shows the effects of forward atmospheric scattering on the
snow profiles over Antarctica (red and black curves). Compared to
profiles of clear skies shown in blue and green colors in Figure 8, the
snow profiles for non-clear skies are stretched. The roughness and
slope characteristics of the snow surface have a similar influence on
the reflected pulse shape (Gardner, 1982; Zwally et al., 2002).

As a simplification, the rough snow surface is assumed to be
Gaussian as, g(z) � Aexp[−(z−z0)2

2σ2 ], where A is the amplitude, z is

altitude, z0 is the mean snow surface position, and σ is the 1/e half-
width (standard deviation) of the Gaussian waveform due to the
surface characteristics (roughness/slope) and/or forward atmospheric
scattering effects. Figure 9A shows the simulated snow profiles (green
and pink colors), which are convolution results between the smoothed
snow profile (red color) and the Gaussian pulses with widths (σ) of 20
and 50 cm. The snow depth errors shown in Figure 9B are calculated
as the snow depth differences between the simulated rough snow
profiles and the smoothed snow profile. The results indicate that the
snow depth errors are less than 5 cm when the pulse stretching is less
than 50 cm, but the snow depth errors can be more than 10 cm when
the pulse spreading width (σ) is greater than 62 cm. Based on
Figure 9B, we can expect a relatively high accuracy (errors <
5 cm) of ICESat-2 retrieved snow depth under clear sky conditions
and over relatively flat terrain (e.g., σ < 20 cm) because of the smaller
ICESat-2 footprints at the surface (~11m).

Another error source on the snow depth retrieval is the photon
count noise from the solar background and the detector dark current,
which can add noise to the observed snowmultiple scattering photon
pathlength. Our previous results indicate that the solar background
noise is ~3–4 orders of magnitude lower than the snow surface
backscattered signals at 532 nm and is a function of the solar zenith
angle (Lu et al., 2021b). The retrieved snow depth can be ~5–20 cm
higher if the solar background is not removed from the ICESat-2
measured snow photon counts during daytime. For the analysis of
daytime measurements, we use the solar background photon counts
reported in the ATL03 product. The detector dark count is ~5–6
orders of magnitude lower than the snow surface backscattered
signals, which causes biases less than 0.2 cm on the retrieved
snow depth.

SUMMARY

In this article, we demonstrated a suite of new methods to retrieve
snow depth from ICESat-2 lidar measurements. The proposed

FIGURE 8 | (A) Snow profiles derived from the ICESat-2 data under different atmospheric conditions over Antarctica: almost clear sky (blue and green) and non-
clear sky (black and red). (B) Same as (A) but zooming in to the altitude range of 10 to −10 m. The pulse stretching of snow profiles due to atmospheric forward scattering
can be clearly seen from black and red curves.
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methods use the moments of the ICESat-2 photon pathlength
distribution, which have the advantage of not requiring additional
auxiliary information such as reference DEM models and snow-off
measurements.

The ICESat-2 retrieved snow depth over Arctic sea ice and
mountain areas are evaluated based on available Operation
IceBridge field campaigns and daily gridded snow datasets. The
comparisons indicate that the RMS differences of snow depths
between ICESat-2 retrieved values and available snow products are
~7.8 and ~14 cm over sea ice and mountain areas, respectively, or
about 29.2 and 28% of the mean values. Some possible sources of
errors on ICESat-2 derived snow depths are discussed and quantified,
including the impact of the surface roughness or slope within the laser
footprint, atmospheric forward scattering, solar background, and
detector dark noises. Our results indicate that we can expect a
relatively high accuracy (errors < 5 cm) from ICESat-2 retrieved
snow depth during nighttime observations, under clear sky
conditions and over relatively smooth snow surfaces where the
standard deviation of the snow surface heights is less than 20 cm
within the 11m ICESat-2 footprint.

The maximum snow depth retrieved by the proposed method
depends on the waveform of the snow vertical profiles (e.g.,
Figure 2, Figure 9A), which depends on the signal-to-noise
ratio (SNR) of measured photons backscattered from the
snowpack. Given the ICESat-2 SNR, the maximum retrievable
snow depth can be up to 10 m when more subsurface photons are
downlinked with wider downlink bands. While the proposed new
method has been shown to provide reasonable performance and
advantages, it is challenging to apply to very shallow snowpack
when the photons backscattered from the bottom layer (e.g., sea
ice or land surface) exist in the snow multiple scattering photon
pathlength. More comprehensive evaluations of the ICESat-2
snow depth product and the potential impacts of topography,
vegetation canopy, bottom layer effects, and other factors will be
done in part III of our study.

With smaller footprints, high quality and high accuracy of
measured photons, ICESat-2 represents a source of snow depths

at centimeter-scale accuracy and meter-scale spatial resolution in
areas where ICESat-2 measurements are available. ICESat-2 can
provide unprecedented records of seasonal snow variability and
evolution for mountainous terrain. Moreover, ICESat-2 snow
depth results have the potential to support and improve the
ICESat-2 sea ice thickness retrieval. Our results strongly support
the use of ICESat-2 lidar measurements for global snow depths
studies.
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FIGURE 9 | (A) The ICESat-2 snow profile before (blue) and after (red) removing after pulses delays, simulated snow profiles with σ = 0.2 m (green) and σ = 0.5 m
(pink). (B) Snow depth errors due to the pulse stretching widths with different snow absorption coefficients (ka, m

−1).
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