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Snow depth is highly variable across watersheds, yet most snow depth data in the Western U.S. 

come from sparse point measurements. The water resources community is in need of more 

spatially representative snow depth data for improved basin-wide snow depth estimates. The 

NASA ICESat-2 mission is a polar-orbiting laser altimetry satellite launched in October 2018 

with the primary goal of measuring ice sheet mass changes at the poles. Previous studies have 

shown that standard ICESat-2 data products have the potential to provide snow depth 

measurements of varying accuracy depending on factors such as surface slope and canopy cover. 

In this study we show that snow depth measurements can be improved using a new on-demand 

data processing and customization tool named ICESat-2 SlideRule, through which user-specified 

processing parameters can be used to produce a custom data product optimized for specific 

scientific aims outside the original goals of the mission. When combined with snow-off Digital 

Terrain Models (DTMs) from airborne lidar observations, snow-on ICESat-2 SlideRule 



  

observations have the potential to provide a new snow depth dataset across the Western US and 

the globe. Here we investigate the accuracy of ICESat-2 SlideRule snow depths compared to 

reference in situ snow telemetry and aerial lidar snow depth observations at two locations with 

varying terrain characteristics: the upper Tuolumne River watershed, CA and the Methow 

Valley, WA. We observe strong agreement between the ICESat-2 SlideRule and reference snow 

depth measurements at both sites, with median residuals of about 0.2 m and 0.4 m in the upper 

Tuolumne River watershed and the Methow Valley, respectively. Basin-wide aggregation is 

found to be a better method for ICESat-2 SlideRule calculations than is individual point 

comparison. Differences in accuracy between sites are attributed to differences in terrain 

characteristics and the spatial distribution of these characteristics. The ICESat-2 SlideRule data 

used in this study produced more accurate snow depth results than those found by previous 

studies using standard ICESat-2 data products in mid-latitude mountainous regions. Therefore, 

we strongly recommend the use of SlideRule to process ICESat-2 data in such regions and 

conclude that these data can provide valuable snow depth measurements for areas where high-

resolution DTMs are available. 
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1. Introduction 
Melt water from snow and ice accounts for a significant portion of the global hydrologic budget 
(Huss et al., 2017), and snow acts as a natural water tower that releases streamflow to man-made 
reservoirs and downstream users throughout the summer (Immerzeel et al., 2020). Knowledge of 
snow quantity and predictions of when and how quickly it will melt are important for reservoir 
and agricultural operations. In the western U.S. the majority of snow falls in the mountains, 
where numerous challenges make snow measurements difficult to obtain. 
 
Various methods for measuring or modeling snow at local and global scales exist, each with their 
own limitations (Dozier et al., 2016). Due to factors such as the high spatial and temporal 
variability of mountain snow depth, the ruggedness of weather and terrain in snowy watersheds, 
and difficulties measuring precipitation amounts and phases, estimating snow in the mountains is 
currently the most pressing problem in hydrology (Lettenmaier et al., 2015; Durand et al., 2021). 
The Western U.S. is unique in that it has a relatively dense network of snow telemetry stations 
that record real-time snow depths and snow water equivalent at point locations throughout the 
region. These stations provide valuable data to various estimates of distributed snow depth, such 
as models and snow pattern analysis (Pflug et al., 2022). In places outside the Western 
U.S., where snow telemetry networks don’t exist, snow observations are even more sparse in 
both time and space. Remote sensing techniques offer some additional snow measurements, but 
have their own limitations. For example, visible imagery provides snow cover extent in areas 
without prohibitive cloud cover but does not directly measure snow depth, volume, or water 
content.   
 
In 2018, NASA launched ICESat-2 with a high resolution lidar instrument on board and the 
primary goal of measuring small changes in surface elevation at the poles. At high latitudes, 
change detection can be accomplished directly using differences between chronological ICESat-
2 measurements (Magruder et al., 2021; Walker et al., 2021; Sochor et al., 2021; Brunt et al., 
2019). At lower latitudes, a lack of repeat ICESat-2 measurements precludes direct change 
detection, necessitating high-accuracy Digital Terrain Models (DTMs) for baseline 
measurements. 
 
Although ICESat-2 was not designed to measure snow depth at mid latitudes, several studies 
have evaluated the utility of the satellite’s standard data products for measuring seasonal snow 
depth by differencing snow-on ICESat-2 elevation measurements from snow-off DTM elevations 
(Deschamps-Berger et al., 2022; Enderlin et al., 2022; Hu et al., 2021). These have shown that 
depending on the study site, snow depths can be retrieved from a combination of snow-on 
ICESat-2 standard data products and snow-off lidar elevation datasets, with accuracies ranging 
from about 0.20 m to > 1 m (Enderlin et al., 2022). A recent study (Shean et al., 2021) showed 
improved snow depth retrieval accuracy by utilizing a new on-demand data processing and 
customization tool named ICESat-2 SlideRule (Swinski et al., 2022). The results show that in 
mid-latitude areas with very low slope, relatively deep seasonal snow depth, and sparse canopy 
cover, ICESat-2 SlideRule data products can be used to measure snow depth to a high accuracy.  
 
In the western U.S. most snow falls at high elevations in rugged mountain terrain with varying 
amounts of canopy cover. ICESat-2 ground elevation accuracies have been found to vary greatly 
depending on study site characteristics; increases in surface slope and canopy cover have been 
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found to dramatically decrease ICESat-2 elevation accuracies (Neuenschwander et al., 2020; Hu 
et al., 2021; Liu et al., 2021; Deschamps-Berger et al., 2022; Zhang et al., 2021; Wang et al., 
2021; Enderlin et al., 2022). In this study we evaluate and compare ICESat-2 SlideRule snow 
depth retrievals in two basins with varying terrain and vegetation characteristics: the upper 
Tuolumne River watershed in California’s Sierra Nevada and the Methow Valley in 
Washington’s eastern Cascade Mountains.  
 
ICESat-2 has the potential to supplement current snow depth measurements, increasing the 
spatial and temporal distribution of depths that can be used for improving snow modeling and 
forecasting. If taken beyond the western U.S., ICESat-2 could provide depth measurements in 
locations that have historically had none. 
 
2. Methods, Instruments, and Study Sites 
2.1 ICESat-2 
The primary objective of the ICESat-2 mission was to continue polar altimetry measurements to 
derive ice sheet mass balance and sea ice thickness. Secondary objectives were to provide 
elevation measurements for mountain glaciers and global vegetation canopy structure (Markus et 
al., 2017). Notably, these goals did not include snow depth retrievals; but snow is highly 
reflective at the ICESat-2 laser wavelength of 532 nm (Warren, 2019), resulting in a strong 
return signal and limited surface penetration in snow (Perovich, 2007).  
 
The Advanced Topographic Laser Altimeter System (ATLAS) is the photon-counting lidar 
instrument onboard ICESat-2. It operates with 6 parallel beams; 3 “strong” beams and 3 “weak” 
beams, where weak beams have ¼ the optical power of the strong beams. It has an average 
orbital altitude of 500 km, and each beam has a footprint diameter of 10.5 - 12 m (Magruder et 
al., 2020). The instrument was found to have a vertical precision of 0.07 m and a bias of 0.03 m 
over the flat interior of the Antarctic ice sheet (Brunt et al., 2021), while over flat terrain at mid 
latitudes it was found to have a vertical RMSE of 0.32 m and a horizontal geolocation RMSE 
between 0.15 - 1.8 m (Magruder et al., 2020).  
 
In the polar regions, ATLAS acquires data along the same reference ground track every 91 days 
to allow for precise elevation change measurements. Over non-polar latitudes ATLAS is 
systematically off-pointed, with the goal of mapping global vegetation structure. This results in 
greater spatial coverage but fewer systematic repeat measurements (Neumann et al., 2019).  
 
As with any lidar instrument, the accuracy of ICESat-2 decreases under certain conditions. 
Optically thick clouds and dense vegetation canopy cause fewer photons to reach the ground 
surface. Steep surface slopes and rugged terrain can lead to higher elevation uncertainty in two 
ways: small horizontal geolocation errors can become large apparent vertical errors, and the 
increased spread of photons reduces the precision of each discrete surface return (Deems et al., 
2013; Smith et al., 2019). 
 
2.2 Standard ICESat-2 Data Products 
The ICESat-2 project distributes several standard data products, including low-level ATL03 
products containing classified photons and higher-level products derived from the photon data. 
Standard products with potential for snow measurements include the Land Ice Height product, 
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known as ATL06 (Smith et al., 2019; Smith et al., 2021), and the Land and Vegetation Height 
product, known as ATL08 (Neuenschwander et al., 2019; Neuenschwander et al., 2021).   
 
The ATL06 products are generated over areas containing land ice, including the ice sheets, ice 
caps and mountain glaciers (Smith et al., 2021). These areas are assumed to be non-vegetated 
and fairly smooth, with single-degree variations in slope over length scales of hundreds of 
meters. Linear fits to photon heights are computed along 40 m segments that overlap with 
neighboring segments, resulting in a point step size of 20 m (Smith et al., 2021). Using this 
product for other surfaces, such as steep vegetated mountains, can result in large errors due to 
several factors. The ATL06 elevations are computed for all high-quality photons without 
differentiation between returns from the canopy or ground surfaces. Furthermore, computing a 
single elevation for each 40 m segment cannot effectively represent steep or rough terrain. 
Finally, the ATL06 products are unavailable for mountain ranges without nearby glaciers. 
Despite these limitations, recent studies have shown that ATL06-derived snow depths have 
errors of -0.36 m to 0.73 m in the Sierra Nevada, CA (Deschampes-Berger et al., 2022). 
 
The ATL08 products provide ground and canopy heights over 100 m segments based on 
additional photon-level classification (Neuenschwander et al., 2021). The main purpose of the 
product is to supply global canopy structure data to estimate global forest biomass and biomass 
change (Neuenschwander et al., 2022). The ground elevation data from ATL08 are potentially 
more suitable for snow depth calculations; however, the 100 m segment lengths are problematic 
for precise elevation change measurements over steep and rugged terrain. ATL08-derived snow 
depths have shown depth residuals of over 1 m in rugged areas (Enderlin et al., 2022; Hu et al., 
2021). 
 
2.3 ICESat-2 SlideRule 
The ICESat-2 SlideRule project provides an efficient, cloud-based, on-demand science data 
processing system for the ICESat-2 mission (Shean et al., 2022; Swinski et al., 2022) . It allows 
the user to rapidly process the ATL03 photons using the ATL06 algorithm with custom 
parameters. This customizability is especially useful for applications of ICESat-2 data outside 
the original scientific aims of the mission; for example, the ATL08 canopy and ground 
classifications can be used to filter the ATL03 photons, which can then be aggregated for 
segments with user-defined length.  
 
For this study, we used SlideRule to prepare custom ATL06-SlideRule (ATL06-SR) data 
products using all available ATL03 granules acquired between October 2018 and May 2022 over 
our study sites. We computed the average ground surface height over 40 meter segments 
containing more than 10 high-confidence photons classified as ground returns by ATL08, 
providing a final step size of 20 m (Table 1). 
 
Table 1 
Comparison of ICESat-2 data products for snow depth calculation. 
 Segment Length Step Size Photon Classification Photon 

Confidence 
ATL06-SR 40 20 Ground High 

ATL06 40 20 All Land Medium & High 
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ATL08 100 50 Ground Medium & High 
 
2.4 Study Sites 
This study focused on two watersheds in the Western U.S. containing high resolution aerial lidar 
data. Based on previous research (Deschamps-Berger et al., 2022; Hu et al., 2021; 
Neuenschwander et al., 2020; Treichler and Kääb, 2017), we chose study sites based on their 
terrain ruggedness, percent canopy cover, and median snow depth accumulation. Terrain 
ruggedness was assessed by calculating the average slope and Terrain Ruggedness Index (TRI) 
for the basins across three different length scales. TRI was developed to quantify terrain 
heterogeneity and is calculated by taking the square root of the sum of squared elevation 
differences between a target cell and its eight surrounding cells (Riley et al., 1999). Slope and 
TRI were calculated at a variety of length scales, which were chosen to target fine-scale surface 
roughness at the sub-ATL06-SR step size (3 m), at the scale of the ATL06-SR step size (20 m), 
and at the scale of across-track separation between beams within pairs (90 m). Percent canopy 
cover was calculated by creating a Canopy Height Model (CHM) from the difference between 
the Digital Terrain Model (DTM) and the Digital Surface Model (DSM) and finding the basin 
percentage of pixels with canopy cover height greater than 2 m. Basin average snow depth was 
calculated using snow depth maps derived from Aerial Lidar Surveys (ALS) (Painter and 
Bormann, 2020) where available (Tuolumne) and Community Snow Observations 
(https://communitysnowobs.org/snow-data/) where ALS-derived snow depth maps were 
unavailable (Methow). Study site extents were restricted to existing snow-off high-resolution 
DTMs. Based on the characteristics listed above, we chose a site where ATL06-SR snow depth 
calculation methods were expected to perform with high accuracy (i.e., Tuolumne Meadows, 
CA) and a site that would test the limits of these methods (i.e., Methow Valley, WA) (Fig. 1). 
Basin characteristics can be found in Table 2. 
 
2.4.1 Upper Tuolumne River Watershed, CA 
The upper Tuolumne River watershed was chosen as a site where ATL06-SR snow depth 
calculation methods were likely to perform well. It is located within Yosemite National Park and 
supplies water to Hetch Hetchy Reservoir, which serves the city of San Francisco. The upper 
watershed (above the outlet of Hetch Hetchy) is approximately 1200 km2, with an elevation range 
from about 1200 - 4000 m. Watershed snow depths ranged from about 1 - 2.7 m near the timing 
of peak snow depth during the study years of 2019 - 2022 (Table 2). There was about 31% 
canopy cover and many clear-sky days during the snow-on period (Table 2). For brevity, the 
upper Tuolumne River watershed will be referred to as Tuolumne for the remainder of the paper. 
 
2.4.2 Methow Valley, WA 
The Methow Valley was chosen as a site that would test the limits of ATL06-SR data. The 
Methow River is located in northern Washington on the eastern slopes of the Cascade 
Mountains. It is a tributary of the Columbia River, which produces over 40% of the nation’s 
hydroelectric power (Lillis, K., 2014) and is essential to the irrigation of Eastern Washington 
farmland. The portion of the Methow Valley included in this study is approximately 1800 km2 
and contains about 44% canopy cover. Watershed snow depths ranged from 0.46 - 0.59 m near 
the timing of peak snow depth during the study years of 2019 - 2022. Elevation ranges from 400 
- 2700 m (Table 2). 
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Figure 1. Site locations for the Methow Valley, WA and upper Tuolumne River watershed, CA. Photo 
credit to Benjamin Drummond/LightHawk and Aron Bosworth. 
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Table 2  
Basin characteristics for the Methow Valley, WA and upper Tuolumne River watershed, CA. 
 

Basin 
Median 
Slope (°) 

+/- st. 
dev. 

Basin 
Median 
TRI (m) 

+/- st. 
dev. 

% 
Canopy 
Cover  

Total Area 
of Lidar 

Coverage 
(km!) 

Forest Descriptor Median 
Snow 
Depth 
(m) | 
IQR 

Elevation 
Range 

(m) 

Tuolumne 3 m:  
22 +/- 4 
 
20 m:  
21 +/- 13 
 
90 m:  
19 +/- 11 

3 m:  
3 +/- 3 
 
20m:  
18 +/- 16 
 
90m:  
87 +/- 54 

3 m: 
31% 

1200  Jeffrey pine, western 
Juniper, western white 
pine, mountain 
hemlock, 
Lodgepole pine*  

2019:  
2.8 | 1.8-
3.7 
2020:  
0.9 | 0.1-
1.5 
2021:  
1.05 | 
0.6-1.3 
2022:  
1.0 | 0.5-
1.3 

1200- 
4000 

Methow 
Valley 

3  m:  
21 +/- 11 
 
20 m:  
20 +/- 10 
 
90 m:  
18 +/- 9 

3 m:  
10 +/- 6 
 
20 m: 19 
+/- 12 
 
90 m: 
258 +/- 
129 

3 m: 
44% 

1800  shrubstep/grassland, 
ponderosa pine, 
douglas fir**  

2019:   
0.6 |  
0.4- 0.6 
2020:   
0.5 | 0.3-
0.7 
2021:   
0.8 |  
0.5 
-0.9 
2022:   
0.5 | 0.5-
0.7 

400- 
2700 

*https://www.nps.gov/yose/learn/nature/plants.htm 
**https://www.dnr.wa.gov/publications/lm_hcp_eastside_oldgrowth_guide.pdf 
 
2.5 Airborne Lidar Surveys (ALS) 
At each study site, high resolution Digital Terrain Models (DTMs) derived from ALS provided 
snow-off elevations. In the upper Tuolumne River watershed, a 3 m resolution snow-off DTM 
and 3 m resolution Lidar Snow Depth products were produced by the Airborne Snow 
Observatory (ASO) (Painter and Borman, 2020; Painter et al., 2016). The DTM was created from 
multiple point clouds collected in the summers of 2014, 2015, and 2019; ground return point 
clouds from each survey were combined to leverage the highest possible point density, resulting 
in between 1 - 18 points/m! (Painter et al., 2016; Currier et al., 2019). No ground control points 
were used during this survey, as ASO’s main concern is geospatial alignment between their own 
data products rather than absolute georegistration. ASO 3 m Lidar Snow Depth surveys were 
conducted at various times during the snow-on seasons from 2019 - 2022, with more frequent 
flights near and after the timing of peak snow depth. The ASO Lidar Snow Depth products were 
produced by ASO as the difference between the DTM and each ASO 3 m Lidar Snow survey. 
ASO snow depth products produced using similar methods were found to have mean absolute 
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errors of < 0.08 m (Painter et al., 2016). The DTM and ASO snow depth products were made 
available in the local UTM coordinate system and WGS84 ellipsoid (Table 3).  
 
In the Methow Valley, the 1 m resolution snow-off DTM was collected in summer 2018 and was 
accessed through the Washington Department of Natural Resources’s lidar portal 
(https://lidarportal.dnr.wa.gov/) (Table 3). It had a mean ground return point density of 5.7 
points/m! and used 83 ground control points (Washington DNR). The DTM was produced in the 
NAD 1983 Oregon Washington Albers projection with the NAVD88 (GRS 1980) vertical datum 
and was reprojected to Washington State Plane South prior to being made publicly available. We 
vertically and horizontally transformed and reprojected this DTM to the local UTM coordinate 
system and WGS84 ellipsoid (Table 3). At both sites, surface slope and Terrain Roughness Index 
was computed from the snow-off DTMs at a variety of resolutions for study site characterization 
(Table 2). 
 
Table 3  
Coordinate Reference System (CRS) details and processing steps for DTM sources and ICESat-2 data.  

Original CRS Processing Steps Mean Point 
Cloud Density 
(pts/m2) 

Median Snow-Off 
Bias from 
ICESat-2 (m) 

Methow Valley DTM 

Projection: USFS 
Region 6 Albers: 
NAD83 
Vertical Datum: 
NAVD88 
Spheroid: GRS1980 
Units: meters 

1. Reprojected to Washington 
State Plane South (units: 
survey feet) by DNR 
2. Converted from survey feet 
to meters 
3. Reprojected to UTM Zone 
10N: NAVD88 
4. Transformed from NAVD88 
to WGS84 
5. Updated metadata 

5.7 -0.44 

 

Tuolumne DTM and 
ASO Snow Depth 
Products 

Projection: UTM 
Zone 11N 
Ellipsoid: WGS84 
Units: meters 

N/A ? -0.12 
 

ICESat-2 

Projection: None 
Ellipsoid: WGS84 
based on ITRF 2014 
Units: meters 

1. Projected to local UTM 
Zone 

N/A N/A 
 

  
2.6 Observations: Snow Depth Telemetry Sites & CSO 
In-situ snow depth measurements were obtained for the duration of the ICESat-2 mission (Oct 
2018 - May 2022). In Tuolumne, daily snow depth measurements from the California Data 
Exchange Center (CDEC) were obtained at the Tuolumne Meadows (2620 m) and Dana 
Meadow (2965 m) stations. In the Methow Valley, Natural Resources Conservation Service 
(NRCS) Snow Telemetry (SNOTEL) daily snow depth records were obtained for the duration of 
the study. No SNOTEL stations were located within the study area, so those within a 35 km 
radius of the center of the study site were included: Muckamuck and Salmon Meadows stations 
(1360 m for both stations). To supplement this depth data, we also obtained Community Snow 



 8  

Observations (CSO) snow depth data from within the study area 
(https://communitysnowobs.org/participate/). 
 
2.7 ATL06SR Snow Depth Calculations and Bias Correction 
High-resolution change detection using separate data sources often requires bias correction due 
to differences in measurement techniques and small errors introduced by Coordinate Reference 
System (CRS) transformations. Assuming consistent bias across the ATL06-SR elevations, we 
conducted a single bias correction for each study site. The DTM elevation was sampled at the 
coordinates of each ATL06-SR reference point and was then subtracted from the corresponding 
ATL06-SR elevation. These differences were labeled snow-off or snow-on based on the presence 
of snow at nearby snow telemetry stations (snow presence defined as snow depths greater than 
0.10 m). The median of the snow-off differences at each site was used to bias-correct both snow-
off and snow-on differences. For the remainder of the paper, snow-on differences between 
ATL06-SR and the DTM will be referred to as ATL06-SR snow depths. 
 
ATL06-SR snow depths were aggregated by acquisition date; the sample size for each date 
depended on the number of ATL06-SR reference points located within the watershed. ATL06-
SR snow depths within a radius of each telemetry site were compared to the corresponding snow 
telemetry depths. In Tuolumne this radius was 5 km; in the Methow Valley it was 20 km to make 
up for the spatial offset between the snow telemetry stations and the study site. ATL06-SR snow 
depths for the entire study site were then also compared to each snow telemetry site.  
 
In Tuolumne, the availability of ASO snow depth products enabled a more in-depth analysis of 
ATL06-SR snow depths. ASO snow depth products were paired with ATL06-SR snow depth 
data when the two acquisitions occurred within a 20-day timeframe, such that differences 
between pair member acquisition dates ranged from 2 to 17 days. For each of these pairs, the 
ASO snow depth data was sampled at the coordinates of the paired ATL06-SR reference points. 
Two metrics were calculated from the ASO snow depth data: the median snow depth for the 
entire basin, and the median snow depth of the area sampled by ICESat-2. These metrics were 
compared to the median snow depth calculated from the corresponding ATL06-SR snow depth 
data.  
 
3. Results 
3.1 Upper Tuolumne Watershed 
The median difference between snow-off ATL06-SR elevations and the DTM was -0.12 m 
(Table 3), which was used to offset both snow-on and snow-off data. The bias-corrected ATL06-
SR median snow depths were close to zero in the summer with a positive snow signal in the 
winter that generally aligned with the snow telemetry depths (Fig. 2). 
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Figure 2. Snow depth values from snow telemetry stations (orange and pink lines) and ATL06-SR 
snow depth (ATL06-SR minus DTM) distributions within the study area. The light blue boxes indicate 
the interquartile range, and the black lines indicate the median values for each ATL06-SR acquisition 
date. Note the tight distribution of ATL06-SR median snow depth values to the telemetry snow depths. 

 
Deeper ATL06-SR snow depths in Tuolumne correspond with higher elevations in the 
watershed, such as along the watershed’s eastern borders (Fig. 3). Lower ATL06-SR snow 
depths, and in some cases negative snow depths, are apparent in the lower elevations of the 
watershed, such as along the Grand Canyon of the Tuolumne River in the western center of the 
watershed, where the Tuolumne River flows into the Hetch Hetchy Reservoir. The distribution of 
ATL06-SR snow depths follows a generally normal distribution for both snow-on and snow-off 
values. The spread of data is larger for snow-on values (IQR of 1.57) than for snow-off values 
(IQR of 1.24). The median of the snow-off ATL06-SR data was 0 m due to the bias correction 
described in section 2.7, and the median of the ATL06-SR snow depth data was 0.8 m. The 
higher elevations of the watershed were generally unvegetated or sparsely vegetated, with the 
majority of canopy cover at lower elevations or in subalpine meadow systems. 
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Figure 3. A) Elevation map and hillshade of Tuolumne, with Hetch Hetchy reservoir in the center west of 
the watershed. B) Snow-off satellite imagery of the watershed. Note the distribution of vegetation at 
lower elevations and in subalpine meadow zones. C) Heat map of ATL06-SR snow-off differences from 
the DTM. Note the large number of values close to 0. D) Heat map of ATL06-SR snow depth values. The 
deepest snow depths occur in the high-elevation northern portion of the watershed and along the high-
elevation eastern edges of the watershed. E) Histogram of the ATL06-SR snow-off differences from the 
DTM. Note that median falls at 0 and the data appears normally distributed. F) Histogram of all the 
ATL06-SR snow depths. The median falls at about 0.8 m and appears normally distributed. 
 
3.1.1 Comparison of ATL06SR & ASO Snow Depth Pairs 
Sampled Pair Comparison: There were eight pairs of ATL06-SR/ASO acquisitions, with 
temporal offset between pair members ranging from 2 to 17 days (Table S-1). These pair 
members captured similar median snow depths but different snow depth variabilities, with 
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ATL06-SR pair members reporting more variability than sampled ASO pair members in all 
cases. The absolute difference in median snow depth values between pair members was 0.19 m 
(a median percent difference of 21%), with a range of 0 - 0.44 m (0 - 27% difference) (Table S-
1). The spread of the ALT06-SR snow depth data was larger in all cases than that of the sampled 
ASO data. 
 
Sampled Pair Comparison: ATL06-SR pair members maintained very similar median depths to 
the ASO basin pair members, although ATL06-SR pair members tended to have higher 
variability (Fig. 4; Fig. 5). The median difference between ATL06-SR and basin ASO pair 
members was 0.11 m, with a median percent difference of 15% (Table S-1). 
 

 
Figure 4. A) ATL06-SR pair member medians aggregated by date, versus snow-on ASO pair member 
basin-wide medians, colored by the ATL06-SR acquisition date. B) ATL06-SR pair member medians 
aggregated by date, versus sampled snow-on ASO pair member medians, colored by the ATL06-SR 
acquisition date. C) ATL06-SR pair member tracks with acquisition dates from 2019. D) ATL06-SR pair 
member tracks with acquisition dates from 2020-2022, plotted separately from 2019 tracks to avoid 
overlapping data. 
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Figure 5. Snow depth values from telemetry stations (orange and pink lines) and ATL06-SR snow depth 
(ATL06-SR minus DTM) distributions for water year 2019. The light blue boxes and black lines indicate 
the interquartile range and median snow depth for each ATL06-SR acquisition date in 2019. The light 
green boxes and green lines indicate the interquartile range and median snow depth for sampled ASO 
snow depth data. The light pink boxes and pink lines indicate the interquartile range and median snow 
depth for basin-wide ASO snow depth data. 
 
3.1.2 Comparison of ATL06SR & Telemetered Snow Depth 
The median difference between within-radius ATL06-SR depths and the snow depths measured 
at the Tuolumne Meadows telemetry site was 0.18 m (23%), while the median difference 
between ATL06-SR from the entire basin and Tuolumne Meadows snow telemetry depths was 
0.21 m (28%) (Table 4). The median difference between within-radius ATL06-SR depths and the 
snow depths measured at the Dana Meadow telemetry site was 0.54 m (45%), while the median 
difference between ATL06-SR from the entire basin and Dana Meadow snow telemetry depths 
was 0.46 m (41%). The ATL06-SR data for the entire basin was more variable than the within-
radius ATL06-SR data in both cases. 
 
3.2 Methow Valley 
In the Methow Valley the median difference between snow-off ATL06-SR and the DTM was -
0.44 m (Table 3), which was used to offset both snow-on and snow-off ATL06-SR data. The 
bias-corrected median ATL06-SR snow depths in the Methow Valley were generally lower than 
the telemetered and CSO snow depths for that acquisition date (Fig. 5). In the snow-off 
(summer) season, Methow Valley ATL06-SR median depths were fairly variable, with more 
extreme positive and negative outliers than in Tuolumne.  
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Figure 6. A) Snow depth values from telemetry stations (orange and pink lines) and ATL06-SR snow 
depth (ATL06-SR minus DTM) distributions within the study area. The light blue boxes indicate the 
interquartile range and the black lines indicate the median values for each ATL06-SR acquisition date. 
Note that ATL06-SR median values are generally lower than the telemetered snow depths. 
 
The snow-off ATL06-SR median depth was 0 m, but there were both positive and negative 
anomalies that appeared to occur on the vegetated steep slopes surrounding the valley bottom 
(Fig. 6). During the snow-on months, the deepest ATL06-SR depths appeared to occur at high 
elevations along the western side of the watershed. The median of the ATL06-SR snow depths 
was 0.18 m, and both the snow-on and snow-off depth histograms appeared less symmetrical 
than those from Tuolumne. In particular, the snow-off distribution had a heavy negative tail. The 
spread of the snow depth data was similar to the snow-off data, with IQRs of 1.21 and 1.19 m, 
respectively. The majority of vegetation occurred on steep slopes to the west of the valley floor.  
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Figure 7. A) Elevation map and hillshade of the Methow Valley. B) Snow-off satellite imagery of the 
watershed. Note the denser vegetation at higher elevations in the western portion of the basin. C) Heat 
map of ATL06-SR snow-off differences from the DTM. D) Heat map of ATL06-SR snow depths. Note 
the deepest snow depths, as well as the most negative depths, in the higher-elevation western portion of 
the basin. E) Histogram of the ATL06-SR snow-off differences from the DTM. The median difference 
was 0 m. F) Histogram of the ATL06-SR snow depths. The median falls at about 0.18 m. 
 
3.2.1 Comparison of ATL06SR & Telemetered Snow Depths 
The median difference between within-radius ATL06-SR snow depths and the snow depths 
measured at Muckamuck was 0.34 m (59%) (Table 4). The median difference between ATL06-
SR from the entire basin and snow depths measured at Muckamuck was 0.27 m (52%). At 
Salmon Meadows, the median difference between within-radius ATL06-SR depths and the 
telemetered snow depths was 0.41 m (62%). The median difference between ATL06-SR from 
the entire basin and snow depths measured at Salmon Meadows was 0.31 m (61%).  
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Table 4  
Comparison of ATL06-SR snow depths to telemetered snow depths in Tuolumne and the Methow 
Valley.  

Tuolumne Tuolumne Meadows 
Radius 

Dana Meadows 
Radius 

Basin | Tuolumne 
Meadows 

Basin | Dana 
Meadows 

Median Difference 
(m) 0.18 0.54 0.21 0.46 

Percent Median 
Difference 23 45 28 41 

ATL06SR IQR (m) 0.7 0.74 1.25 

Methow Valley Muckamuck Radius Salmon Meadows 
Radius Basin | Muckamuck Basin | Salmon 

Meadows 

Median Difference 0.34 0.41 0.27 0.31 

Percent Median 
Difference 59 62 52 61 

ATL06SR IQR 1.41 1.44 1.2 
 
4. Discussion 
4.1 Comparison of ATL06SR & ASO Pairs 
Sampled Pairs: There was strong agreement between ATL06-SR and ASO snow-on pairs, with a 
median percent difference of 20%. In all cases, ATL06-SR snow depths had greater spread than 
did the sampled ASO snow depths. Snow depth is temporally variable, so we expect that some of 
the difference between medians was due to the temporal offset between pair members, which 
ranged from 2 - 17 days. Some of the difference was also likely explained by differences in what 
the respective lidar instruments “see”; differences in point cloud density, height above ground, 
and atmospheric interference play a role in the detection of the ground surface. 
Basin Pairs: The agreement between ATL06-SR snow depth medians and the ASO basin 
medians was quite strong, with a median percent difference of 15%, and a median difference of 
0.11 m. This presents a compelling argument for the potential use of ATL06-SR aggregated 
snow depth data for determining basin-wide metrics. Based on the random distribution of 
ATL06-SR errors and the strong agreement between basin-wide median values, it appears that 
basin-wide aggregation is a better method for working with ATL06-SR data than is individual 
point comparison. 
 
4.2 Comparison of ATL06SR & Telemetered Snow Depths 
4.2.1 Radius Analysis  
The median percent differences for within-radius versus basin-wide snow depths for both 
Tuolumne telemetry stations were within 5% of each other. The percent median differences for 
within-radius versus basin-wide data for both Methow Valley telemetry stations were within 7% 
of each other. The Methow Valley telemetry stations were not located within the study area, 
which might explain the greater percent differences in the Methow Valley than in Tuolumne. 
These results suggest that for both sites there was not a significant advantage to restricting the 
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analysis to locations close to the telemetry stations; basin-wide analyses did not differ much from 
the radius analyses. 
 
4.2.2 Basin Analysis  
Methow Valley median ATL06-SR snow depths were consistently lower than telemetry depths. 
Both Methow Valley telemetry stations were located at around 1360 m, whereas the median 
elevation of ATL06-SR data was 1060 m, so the majority of ATL06-SR data were located at 
lower elevations and therefore were likely measuring lower snow depths than were present at the 
telemetry stations. Canopy cover tended to increase with elevation in the Methow Valley, so 
where ATL06-SR did measure snow at higher elevations, those measurements were likely more 
affected by vegetation than those at lower elevations where snow depth is also lower. The spatial 
offset between the telemetry stations and the study area likely contributed to differences between 
the two. Also, the stations were located in high elevation clearings, which frequently are not 
representative of the median snow depth in surrounding areas (Meromy et al., 2012).  
 
4.3 Study Site Comparison  
Both sites had negative bias in ATL06-SR snow-off differences from the DTM, with medians of 
-0.12 m and -0.44 m in Tuolumne and the Methow Valley, respectively, indicating that ATL06-
SR tends to underestimate surface elevations compared to DTM elevations. Enderlin et al. (2022) 
found that snow-off ATL06 data underestimated surface elevations as well, with a median bias 
of -0.76 m; note that the magnitude of the ATL06 bias was larger than that of the ATL06-SR 
data in this study. Within this study, there were fewer negative outliers and better alignment with 
snow telemetry measurements in Tuolumne than in the Methow Valley, a finding which was 
consistent with the predictions of our study design. This is likely due to differences in DTM 
accuracy and study site characteristics such as canopy cover, magnitude of snow depths, terrain 
roughness, and the dominant orientation of elevational gradients (Table 2). The spatial 
distribution of these characteristics is also important to consider and is discussed below. 
 
4.3.1 DTM Accuracy 
ATL06-SR snow depth calculations in this study relied heavily on high-accuracy DTMs, and 
DTM accuracy can differ considerably based on the density of the source point cloud. The 
Methow Valley DTM was produced from a point cloud obtained during summer leaf-on 
conditions in a region with dense canopy and rough terrain that consistently poses challenges for 
lidar vendors; the Tuolumne point cloud was also obtained during summer and fall leaf-on 
conditions, but in a region with sparse canopy and smoother terrain. The dense canopy in the 
Methow likely decreased both the likelihood of lidar point returns from the ground surface and 
the accuracy of the ground surface statistics. For this and other reasons related to flight and 
instrument specifications, the Methow Valley point cloud was less dense than the Tuolumne 
point cloud, which translated to larger errors in the Methow Valley DTM. Errors on the order of 
tens of meters were found over cliff faces in the Methow Valley DTM, and in valley bottoms 
shrubs were consistently misclassified as ground surface (DNR Washington Geologic Survey). 
Errors in the DTM were propagated to the ATL06-SR snow depths. Large infrequent errors such 
as those found over cliffs likely had little effect on ATL06-SR median snow depths due to the 
robustness of median statistics to outliers. However, consistent misclassification of valley shrubs 
as ground likely positively biased the Methow Valley ground elevation and potentially 
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contributed to the shallower ATL06-SR snow depths as compared to telemetered snow depths 
(Hopkinson et al., 2014). 
 
4.3.2 Vegetation Density 
The Methow Valley had about 13% more canopy cover than did Tuolumne, and the canopy 
structure was denser than in Tuolumne (Table 2). This denser canopy likely obscured the ground 
surface, decreasing confidence in ground elevation values. ATL08 terrain estimates were found 
to be most accurate at a percent canopy cover of less than 40% (Neuenschwander et al., 2020). 
The Methow Valley exceeded this threshold, indicating that more canopy-related errors should 
be expected at this site. The spatial distribution of canopy cover is likely also an important factor. 
In the Methow Valley, canopy cover is denser at higher elevations, whereas in Tuolumne higher 
elevations tend to have sparser canopy cover than at lower elevations. Since snow depth tends to 
increase with elevation at these sites, ATL06-SR measurements of deeper snow depths are likely 
more accurate in Tuolumne than in the Methow Valley. 
 
4.3.3 Snowpack Depth 
Tuolumne consistently has a deeper snowpack than the Methow Valley, providing a stronger 
signal for ATL06-SR snow measurements and decreasing the percent error for residuals of a 
certain magnitude. In addition to having a shallower snowpack, the Methow Valley also receives 
more mixed rain-snow events, which results in greater elevational variation in snow depth as 
compared to Tuolumne, much of which lies above the snow line. More spatial variability of 
snow depths in the Methow Valley results in less representative basin medians for specific 
ATL06-SR tracks and more difficulty in comparing point SNOTEL observations with track 
medians.  
 
4.3.4 Terrain Roughness 
The terrain roughness in the Methow Valley was threefold greater than in Tuolumne at the 3 m 
and 90 m length scales, which likely contributed to the propagation of horizontal errors to 
vertical errors and decreased the clarity of the ground surface. The surface slope at all length 
scales was similar between the sites, suggesting that differences in ATL06-SR elevational 
accuracy between the sites was due more to terrain roughness than to surface slope angles. 
 
4.3.5 Terrain Orientation  
Two different terrain orientation characteristics likely played a role in the different results at the 
two sites. The first of these was the distribution of elevations related to terrain roughness. In 
Tuolumne, rougher terrain tended to occur at lower elevations such as in the Grand Canyon of 
the Tuolumne, where snow tends to be sparse. The higher elevations where snow depths tend to 
be deeper display smoother terrain, making median snow easier to measure in locations that 
receive representatively deep snow depths. In the Methow Valley, higher elevations that tend to 
receive deeper snow depths are more rugged and have more canopy cover. Lower elevations that 
tend to receive shallower snow depths are smoother and less vegetated. As mentioned 
previously, these lower elevation valley bottoms displayed misclassified shrubs in the DTM, 
which likely further decreased the snow depths calculated over these areas. Therefore, the terrain 
that resulted in the most accurate ATL06-SR measurements in the Methow Valley held 
shallower snow depths than the rest of the basin.  
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The second terrain orientation characteristic was the dominant orientation of elevational 
gradients relative to the north-south orientation of ICESat-2 tracks. In Tuolumne, north-south 
ICESat-2 tracks tended to capture a variety of elevations, including high elevation regions with 
deeper snow depths, resulting in ATL06-SR snow depths that were representative of basin snow 
depths. Within the Methow Valley study area, the elevational gradient was generally oriented 
east-west, resulting in ICESat-2 tracks that tended to capture a subset of elevations instead of a 
distribution representative of the basin, which translated to ATL06-SR snow depths that were 
less representative of basin snow depths.   
 
4.4 Bias Correction 
Both sites had negative snow-off differences as compared to the reference DTMs. In addition to 
the other factors listed in this section, it is likely that the surface reflectance signatures of bare 
ground versus snow cover impacted the accuracy of the measurements during different seasons. 
Snow is much more reflective at the ICESat-2 wavelength of 532 nm than is bare ground or 
vegetation, resulting in a greater number of photon events and better defined ground surface 
elevations during the snow-on season. The bias correction described in section 2.7 relied on the 
median difference between snow-off ATL06-SR elevations and the DTM. If this median 
difference was not temporally consistent across all seasons, it is possible that this bias correction 
was a source of error for the ATL06-SR snow depth calculations. 
 
4.5 Geospatial Errors 
Elevation change detection calculations rely on accurate horizontal and vertical alignment 
between datasets. The datasets used in this study were produced by different entities and in 
different CRSs, which likely contributed small errors to the ATL06-SR snow depth calculations. 
Each dataset was transformed into the same CRS to allow for calculations between datasets; 
however, CRS transformations themselves can introduce small geolocation errors that propagate 
through each transformation step. The ATL06-SR elevation data for both study sites was 
horizontally projected, and the Methow Valley DTM was horizontally reprojected twice (once by 
the Washington DNR and again by the authors of this study); each horizontal transformation 
likely introduced small geolocation errors. The Methow Valley DTM was also transformed from 
the NAVD88 geoid to the WGS84 ellipsoid. Due to deterioration of the geodetic survey markers 
that define the NAVD88 geoid, this datum is biased by about a half meter and is tilted by about 1 
m from the east to west coasts of North America (National Geodetic Survey, 2021). 
Transformation from NAVD88 to WGS84 can account for most of these errors, but some 
geolocation errors on the order of 0.15 m (NOAA) can propagate to the transformed dataset. 
Geolocation errors resulting from this datum shift were likely the largest of all the 
transformations in this study, so the Methow Valley DTM likely had the largest geolocation 
errors resulting from CRS transformations. These errors are especially problematic in rough 
terrain where small horizontal errors at a given location can translate to large vertical errors and 
affect the accuracy of ATL06-SR snow depth calculations. Therefore, high quality DTMs 
produced in reference to the WGS84 ellipsoid are necessary to produce accurate ATL06-SR 
snow depth calculations. 
 
5. Conclusions 
This study investigated the use of customized ICESat-2 SlideRule data products for snow depth 
measurements during water years 2019 - 2022 at two study sites in the western U.S.. It showed 
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that aggregation of ATL06-SR snow depths provides accurate median basin snow depth at scales 
of 1000 - 2000 km2. Differences in snow depth measurement accuracy between sites are 
attributed in part to the spatial distribution of site characteristics including canopy cover, 
magnitude of snow depths, terrain roughness, and the dominant orientation of elevational 
gradients relative to ICESat-2 track orientations. The upper Tuolumne River watershed provides 
the ideal location for the initial testing of new remote sensing snow measurement techniques due 
to favorable terrain characteristics and the availability of ASO 3-m Lidar Snow Depth products. 
Other snow-covered areas that are more challenging for remote sensing techniques, such as the 
Methow Valley, are often overlooked despite making significant contributions to regional water 
budgets. The lack of existing snow products in these regions means that the availability of 
ICESat-2 SlideRule snow measurements is especially impactful.  
 
One current limitation of ICESat-2 measurements for surface change detection is the need for 
baseline measurements from high-resolution snow-off DTMs. As discussed in section 4.3, DTM 
quality is dependent on the density of source point clouds, and the combination of DTMs with 
ICESat-2 data is most accurate when DTMs are produced within a few years of study timing and 
in reference to the WGS84 ellipsoid. Therefore, not all lidar products are created equal, and snow 
depth calculations should only be conducted using the highest quality lidar products. This limits 
the regions where ICESat-2 can be used to measure snow depth. The USGS 3D Elevation 
Program is committed to providing nationwide DTMs by 2023, which should make ICESat-2 
snow depth measurements possible throughout snow covered regions of the U.S. as long as lidar 
quality is sufficiently high. However, one of the most appealing components of ICESat-2 data is 
its global coverage, and high-resolution DTMs are not publicly available in many of the snow-
covered regions of the world (i.e. High Mountain Asia). To utilize the full potential of ICESat-2 
data, new aerial lidar surveys should be focused in regions without existing high quality data. 
Additionally, future work should focus on new ways to directly calculate snow depth from 
ICESat-2 (Hu et al., 2022), and the snow community should advocate for systematic repeat 
ICESat-2 measurements over snow-covered regions to eliminate dependence on high quality 
DTMs. 
 
Terrain characteristics should be considered in decisions of where and how to use ATL06-SR 
snow depth products, with ideal sites containing moderate surface roughness and canopy cover, 
and snow depths greater than a half meter. Additional factors to consider include the availability 
of ICESat-2 measurements at a given location and appropriate aggregation length scales. ICESat-
2 measurement density increases with latitude, so lower latitude study sites will need to be large 
enough to include a sufficient sample size. Study sites will also need to be small enough for 
median snow depth statistics to remain representative, which likely varies based on terrain and 
local synoptic storm scales; but further research is needed to determine mountain range 
correlation lengths. 
 
The customized ATL06-SR data used in this study outperformed standard ICESat-2 data 
products in mid-latitude mountainous terrain, and produced snow depth measurements within 
20% of aerial lidar snow depth products. For this reason, we strongly recommend the use of 
ICESat-2 SlideRule (Shean et al., 2022) for snow depth measurements in these regions. This 
product has the potential to provide a highly accurate, temporally infrequent snow depth dataset 
with the potential for assimilation into distributed snow water equivalent (SWE) models and 
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multidecadal snow reanalysis patterns for significantly improved global SWE estimates 
(Margulis et al., 2019; Pflug et al., 2019). ICESat-2 could continue collecting data through the 
end of the decade and with a little planning could become a functional operational forecast tool 
for water managers. For this to happen, high accuracy snow-off aerial lidar surveys would need 
to be produced in large-scale basins and in global datums to provide baseline measurements. 
ICESat-2 data would need to be made publicly available on the scale of one week instead of 
multiple months. Finally, ICESat-2 managers could implement repeat track mode over key water 
resource regions such as the Sierra Nevada, with measurements timed for near peak snow depth. 
Currently no single snow measurement product provides complete snow information in the 
Western U.S., and certainly not at a global scale. New products and assimilation techniques are 
necessary to improve water resource management (Bureau of Reclamation, 2021), and ICESat-2 
SlideRule should be one of the tools implemented in this effort. 
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Supplemental 
 
Table S-1  
Comparison of ATL06SR-ALS pairs. IS stands for ICESat-2, At stands for track ASO data, and Ab stands for basin ASO data. 
 

 

Pair 1 Pair 2 Pair 3 Pair 4 Pair 5 Pair 6 Pair 7 Pair 8 All Pairs 

IS At Ab IS At Ab IS At Ab IS At Ab IS At Ab IS At Ab IS At Ab IS At Ab IS At Ab 

Date Offset 12 7 11 6 17 17 2 2 9 

Median Depth (m) 2.83 2.98 2.84 2.45 2.56 2.54 1.6 2.04 1.72 1.3 1.02 0.98 0.04 0 0.01 0.85 1.07 1.05 0.89 1.12 1.04 0.59 0.59 0.51 1.09 1.04 1.04 

Difference Between Medians  0.16 -0.01  0.11 -0.09  -0.44 -0.12  -0.28 0.31  0.04 0.03 0.22 -0.2   -0.23 -0.15  0 0.08  0.19 0.11 

% Difference Between Medians  5 0  4 -4  -22 -7  -27 32  inf 281  21 -19  -21 -15  0 16  21 15 

IQR (m) 2.91 2.6 1.71 1.25 1.02 1.89 1.78 1.15 1.99 1.42 0.84 1.18 1.31 0.3 0.34 1.18 0.37 0.71 1.52 0.52 0.67 0.79 0.45 0.79 0.68 0.6 0.99 

% Difference Between IQRs  -12 70  -22 -34  55 -11  -69 20  340 289  -219 67  191 127  -75 0  72 50 

delta TUM (m) -0.2 -0.15 -0.64 -0.25 0.03 -0.03 -0.03 -0.08 0.11 

delta DAN (m) -0.15 NaN -0.33 NaN 0 0.2 0 -0.05 0.1 
 


