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A B S T R A C T   

Seasonal snow melt dominates the hydrologic budget across a large portion of the globe. Snow accumulation and 
melt vary over a broad range of spatial scales, preventing accurate extrapolation of sparse in situ observations to 
watershed scales. The lidar onboard the Ice, Cloud, and land Elevation, Satellite (ICESat-2) was designed for 
precise mapping of ice sheets and sea ice, and here we assess the feasibility of snow depth-mapping using ICESat- 
2 data in more complex and rugged mountain landscapes. We explore the utility of ATL08 Land and Vegetation 
Height and ATL06 Land Ice Height differencing from reference elevation datasets in two end member study sites. 
We analyze ~3 years of data for Reynolds Creek Experimental Watershed in Idaho’s Owyhee Mountains and 
Wolverine Glacier in southcentral Alaska’s Kenai Mountains. Our analysis reveals decimeter-scale uncertainties 
in derived snow depth and glacier mass balance at the watershed scale. Both accuracy and precision decrease as 
slope increases: the magnitudes of the median and median of the absolute deviation of elevation errors (MAD) 
vary from ~0.2 m for slopes <5◦ to >1 m for slopes >20◦. For glacierized regions, failure to account for intra- 
and inter-annual evolution of glacier surface elevations can strongly bias ATL06 elevations, resulting in under- 
estimation of the mass balance gradient with elevation. Based on these results, we conclude that ATL08 and 
ATL06 observations are best suited for characterization of watershed-scale snow depth and mass balance gra
dients over relatively shallow slopes with thick snowpacks. In these regions, ICESat-2 elevation residual-derived 
snow depth and mass balance transects can provide valuable watershed scale constraints on terrain parameter- 
and model-derived estimates of snow accumulation and melt.   

1. Introduction 

Seasonal snow accumulation and melt represent an important 
component of mountain environments and downstream hydrologic 
systems (Viviroli et al., 2007). Mountain snow dominates the hydrologic 
budget across a large portion of the globe and, therefore, exerts a strong 
control on water resources for billions of people (Barnett et al., 2005). 
Changes in seasonal snow both directly and indirectly influence water 
resources. Decreased winter snow accumulation results in a net decrease 
in water availability downstream and changes in timing of water 
availability, particularly in summer months (e.g., Elias et al., 2021). 
Changes in seasonal snow can also have much longer-term indirect ef
fects on water resources through alteration of local vegetation and 

glacier mass balance (Beniston, 2003; Freeman et al., 2018; Huss et al., 
2017; Huss and Hock, 2018; Steinbauer et al., 2018; Wrzesien et al., 
2018). 

Despite the broad importance of snow, estimates of seasonal snow 
depth and the corresponding mass of water contained in the snowpack 
(i.e., snow water equivalent) at watershed to continent scales are highly 
uncertain (Dozier et al., 2016; Mudryk et al., 2015). Snow water 
equivalent (SWE) estimates require snow density to convert snow depth 
into mass, but snow density can be difficult to accurately approximate, 
due to spatial variability across snowy watersheds and temporal vari
ability across seasons (Feng et al., 2022). While snow water equivalent is 
critical for direct hydrology calculations, snow depth provides the basis 
for estimating SWE and is subject to its own challenges. For example, 
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digital elevation models (DEMs) were used for Wolverine Glacier. End- 
of-melt season geodetic DEMs exist for each year in our study (McNeil 
et al., 2019; O’Neel et al., 2019). For 2018 and 2020, we used 2 m- 
resolution Worldview DEMs from stereo imagery acquired on 12 
September 2018 and 19 October 2020, respectively. For 2019, we used a 
0.5 m-resolution airborne lidar-derived DEM collected on 20 September. 
Although the 2020 DEM was acquired nearly one month later in the year 
than the other reference elevation datasets, air temperatures recorded 
near the glacier margin were above freezing through October 10th and 
the Landsat image record indicates little snow had accumulated off-ice 
prior to October 20th, suggesting elevation bias introduced by early 
season snow is likely small (McNeil et al., 2019). Uncertainties are on 
the order of ~3 m for Worldview DEMs (Shean et al., 2016), and 10 cm 
for the lidar DEM, but can be larger in vegetated off-glacier terrain and 
where glacier features (e.g., crevasses, melt ponds, sastruggi) evolve 
over time. The quoted DEM uncertainties are less than the uncertainty 
introduced by the temporal evolution of the glacier’s surface, and the 
thickness of maritime snowpacks that characterize the field site. Both 
coregistration and elevation residuals extraction use the reference DEM 
with the closest acquisition date preceding the ATL06 time stamp, 
therefore, potential horizontal or vertical offsets between reference 
DEMs can be ignored. All reference data at Wolverine did not require 
datum transformations as they were provided in UTM coordinates with 
respect to the WGS84 ellipsoid (EPSG:32606). 

3. Methods 

Estimation of snow depths using an elevation-differencing approach 
requires precise coregistration between datasets, particularly in regions 
with highly variable terrain characteristics, so that the difference be
tween elevation datasets (i.e., elevation residuals) can be confidently 
attributed to snow. In Section 3.1, we describe the coregistration process 
used to align the independent datasets and minimize systematic biases in 
their elevations. Differences between coregistered transects and refer
ence elevations are generically referred to as Δz, or ΔzATL08 and ΔzATL06 

when specifically referencing the ATL08 and ATL06 datasets, respec
tively. Quantification of terrain-dependent, spatially-variable biases in 
Δz that remain following coregistration is described in sections 3.2 and 
3.3. The spatially-variable elevation biases are described in section 4, 
along with comparisons between in situ snow observations at RCEW and 
Wolverine Glacier and the bias-corrected elevation residuals, Δzadjusted

ATL08 

and Δzadjusted
ATL06 , respectively. Since we are interested in snow depths, the 

data are parsed into snow-off (i.e., summer; July–September) and snow- 
on (October–June) seasons for each hydrologic year (October–Sep
tember) throughout sections 3 and 4. For the glacierized site, the hy
drologic year is roughly equivalent to the mass balance year. For all 
figures, colors distinguish the snow-off (reds/pinks) and snow-on (blues) 
seasons, as in Fig. 1. 

3.1. Coregistration 

Each ICESat-2 segment was coregistered as a transect, not segment- 
by-segment, to eliminate systematic biases between the datasets. For 
coregistration and subsequent analysis, we used the mean elevation 
within segment footprints since this metric is provided for both ATL08 
and ATL06 products and can be quickly extracted from the reference 
datasets. 

A gradient-descent approach was applied to objectively identify and 
minimize three-dimensional offsets between ICESat-2 transect and 
reference elevation datasets. This approach inherently assumed mini
mization of the vertical offset between each ICESat-2 transect and the 
reference elevation dataset when properly coregistered. The coregis
tration code and the rest of the processing pipeline are available at (htt 
ps://github.com/CryoGARS-Glaciology/ICESat2-snow-code.git). 

Horizontal offsets were expected to be on the order of meters or less 
since the geolocation error for ICESat-2 is estimated as ~3.5 m (Bae 

et al., 2021). Therefore, we started with an initial guess of zero hori
zontal offset and computed the root-mean-square (RMS) elevation dif
ference between all segments in each ICESat-2 transect and the 
appropriate reference elevation dataset. Each transect was iteratively 
shifted horizontally until the global RMS minimum was identified. The 
median elevation difference between all horizontally-coregistered snow- 
off segments and the appropriate reference elevation datasets were then 
used for vertical coregistration. This bulk vertical coregistration 
approach assumed that the ICESat-2 elevation bias relative to a refer
ence dataset is static in time. Although a transect-specific vertical cor
egistration approach would be preferred if snow-covered areas were 
reliably eliminated from coregistration, the use of snow-off vertical 
biases for coregistration ensured preservation of any snow signal. 

Thin snow cover is expected for RCEW, therefore, we assumed that 
exclusion of bright ATL08 segments was sufficient to remove bias in 
horizontal coregistration associated with snow cover. The median hori
zontal offsets for all non-bright segments were 0 m for both the Easting 
and Northing. Vertical offsets for the horizontally-coregistered segments 
are shown in Fig. 2. The median ± median of the absolute deviation 
(MAD) of the snow-off vertical offsets was − 0.76 ± 0.64 m, indicating 
that ICESat-2 under-estimated terrain elevations relative to the RCEW 
reference DTM prior to vertical coregistration. The median vertical 
offset was subtracted from the ATL08 elevations to eliminate systematic 
bias in elevation residuals (i.e., median snow-off ΔzATL08 = 0). 

The evolving surfaces of glaciers prohibit their use for coregistration. 
Therefore, we coregistered ATL06 transects using segments over stable 
off-glacier terrain. For each transect, the reference elevation map from 
the closest preceding acquisition date was used for coregistration. Me
dian horizontal offsets were 0 m in both horizontal directions, with a 
range of 2.2 m in Easting and 2.9 m in Northing. Vertical offsets for the 
horizontally-coregistered segments are shown in Fig. 3. The median ±
MAD of the snow-off off-glacier elevation differences was − 2.51 ± 0.89 
m (Fig. 3), indicating ATL06 generally under-estimated terrain eleva
tions relative to the Wolverine reference elevation maps prior to vertical 
coregistration. As with the ATL08 dataset, the median vertical offset was 
subtracted from the ATL06 elevations to eliminate systematic bias in 
elevation residuals (i.e., median snow-off off-glacier ΔzATL06 = 0). 

3.2. Terrain parameter comparison 

Previous snow depth analyses at these study sites (McGrath et al., 
2018; Winstral and Marks, 2014), and elsewhere (Clark et al., 2011; 
Grünewald et al., 2010; Lehning et al., 2011; Saydi and Ding, 2020; 
Winstral et al., 2002), indicate that terrain characteristics strongly 
control snow depth. Terrain parameters previously shown to strongly 
influence snow depth include: elevation, slope, aspect (i.e., degrees 
counterclockwise from south) and vegetation type and structure (e.g., 
Armesto and Martínez, 1978; Ivanov et al., 2008; Luus et al., 2013; Yang 
et al., 2020). Surface slope and vegetation can also influence the accu
racy and precision of terrain elevations computed from stereoscopic 
imagery and lidar (e.g., Neuenschwander and Magruder, 2016; Neu
enschwander et al., 2020; Shean et al., 2016; Tinkham et al., 2014). 
Therefore, we compared elevation residuals for coregistered segments (i. 
e., Δz) to the corresponding elevation, slope, and aspect. The local slope 
and aspect were calculated for each raster cell using the ©Matlab gra
dientm function applied to the appropriate reference elevation maps. 
For RCEW, vegetation height from a 1 m-resolution airborne lidar- 
derived canopy height map for 10–18 November 2007 was included as 
well (Shrestha and Glenn, 2016). For consistency with the Δz calcula
tions, we use the mean terrain parameter value within each segment for 
our analysis. 

To characterize the potential terrain-dependency of Δz, we binned 
snow-off and snow-on Δz according to each individual terrain param
eter. The number of bins was manually selected to divide the majority of 
the observations fairly uniformly, with consideration for commonly- 
used bin widths and ease of interpretation (i.e., aspect binned into 8 
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tertiary intercardinal directions, elevation binned in 100 m increments). 
There is no appreciable influence on data interpretation for ±2 bins 
relative to those selected. For each terrain parameter bin, the median of 
Δz is used to characterize bias (i.e., systematic offset) and the MAD and 
interquartile range (IQR) of Δz are used to characterize uncertainty (i.e., 
random variability). 

3.3. Snow depth estimation 

Snow depth estimation requires the precise removal of any elevation 
biases between ICESat-2 and the reference elevation datasets. Coregis
tration removes uniform biases between the datasets but does not ac
count for spatial or temporal variations in bias. A recent analysis of 
ATL08 data for 40 U.S. watersheds found that the accuracy and precision 
of ATL08 elevations vary with slope: bias increases from ~0 m to 1 m 
and root mean square error increases from ~0.6 m to 7.5 m for slopes 
from 0 to 5◦ to slopes >30◦ (Liu et al., 2021). Based on the non-linear 
dependence of ATL08 elevation residuals with slope in Liu et al. 

(2021) and observed for RCEW, we estimated the slope-dependent bias 
for each ATL08 segment using a quadratic function fit to the median 
ΔzATL08 binned by slope (Table 2; R2 = 0.996). Slope-dependent bias- 
adjusted ΔzATL08 (i.e., Δzadjusted

ATL08 ) are compared to snow depth observa
tions in section 4.1. 

Glaciers are generally more shallow-sloped than non-glacierized 
terrain, minimizing slope-dependent biases. However, the conversion 
of ΔzATL06 to estimates of glacier elevation change requires consider
ation of intra-annual changes in glacier surface elevation due to the 
compaction of snow remaining from previous years and vertical ice flow 
(submergence and emergence). Snow compaction and vertical ice flow 
estimates from ice-penetrating radar acquired in 2016, 2017, and 2020 
from Zeller et al. (2022) were used to adjust the reference surface ele
vations to correct for sub-annual changes in the end-of-melt-season 
surface elevation assuming a constant rate of compaction- and flow- 
driven surface elevation change over the study period. Specifically, for 
each ATL06 segment, the product of the time elapsed since the reference 
DEM was acquired and the mean Zeller et al. (2022) submergence/ 

Fig. 2. Non-parametric kernel distributions of vertical co-registration offset (m) of RCEW ATL08 segments overlain on normalized probability density histograms. 
Warm (red/pink) colors depict vertical offsets in snow-off conditions. Cool (blue) colors depict offsets for the snow-on portion of the year, parsed by brightness flag. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Probability density function of vertical offsets (m) for Wolverine Glacier ATL06 segments. Warm (red/pink) colors depict vertical offsets in snow-off con
ditions, parsed for the glacier and surrounding terrain. Cool (blue) colors depict vertical offsets over the glacier surface for the snow-on portion of the year. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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emergence velocity for grid cells overlapping the segment was sub
tracted from the corresponding reference elevation. The surface 
evolution-adjusted ΔzATL06 (i.e., Δzadjusted

ATL06 ) are compared to winter and 
annual surface mass balance observations in section 4.2. 

4. Results 

For each study site, we summarize key characteristics of Δz and 
Δzadjusted with respect to terrain parameters. Since snow accumulation 
and melt can vary tremendously between years, the data are parsed into 
hydrologic/mass balance years, hereafter referred to as water years for 

Table 2 
Best-fit polynomials that model elevation residuals (Δz) as a function of elevation, slope, and aspect. Polynomials were fit to the medians of binned 
Δz for each terrain parameter. The coefficient of determination (i.e., R2) for each fit is listed in parentheses after each equation. All snow-off (pale 
red) and snow-on (pale blue) observations are aggregated for each site. Best-fit polynomials for the bias-adjusted elevation residuals (Δzadjusted) as 
a function of elevation are listed as the coregistered and bias-adjusted processing level. 
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Fig. 4. Non-parametric kernel distributions for 
RCEW ΔzATL08 for a) WY19, b) WY20, and c) WY21 
(1 Oct – 30 Sept). The data are parsed into snow-off 
(red; July–September) and potentially snow-on 
(blues; October–June) portions of the year. Since 
the rain-snow transition line is within the water
shed, the distributions for all snow-on segments 
(blue) and snow-on segments only above the sea
sonal snowline (light blue) are plotted to facilitate 
identification of the snow signal. The solid vertical 
line marks the median and the dashed vertical lines 
bracket the median ± the median of the absolute 
deviation (MAD) for each distribution. The same 
seasonal color scheme is used in Fig. 2. ΔzATL08 <

0 indicate an under-estimation of elevations by the 
ICESat-2 ATL08 dataset following coregistration. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the web 
version of this article.)   
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