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Abstract

Fine-scale, sub-annual satellite stereo observations of snow cover and snow depth can help improve quantification of snow
water equivalent at critical times during the accumulation and ablation season. We are refining very-high-resolution (VHR)
spaceborne optical stereo methods to generate spatially-continuous digital surface models (DSMs) and maps of snow depth and
snow water equivalent (SWE) over mountain sites in the Western U.S.

In this work, we leverage the open-source software of NASA’s Ames Stereo Pipeline for extensive and iterative testing of
stereogrammetric processing parameters to produce snow-free and snow-covered DSMs. Using open-source tools, we customize
and improve automated surface co-registration using snow-free DSMs generated from spaceborne stereogrammetry and airborne
lidar. High-resolution land cover classification maps derived from the input stereo images using machine learning methods
improve the co-registration results and snow depth product quality.

We assess our stereo-derived DSM and snow depth mapping methods across multiple sites in Colorado using USGS 3D Elevation
Program (3DEP) and the Airborne Snow Observatory (ASO) airborne lidar DSMs and snow depth products. We present initial
evaluations of our surface elevation reconstructions across variable terrain and land cover. Finally, we use a bulk density
approach and empirical density models to convert snow depth maps into maps of snow water equivalent.

We are developing a user-friendly notebook for the full workflow with default processing parameters tuned for mountain terrain.

We hope that these tools will enable new users with limited photogrammetry experience to produce maps of snow depth and

snow water equivalent from VHR satellite imagery.
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Mesa Lakes SNOTEL site
A. Ski slopes and lodge

WV 20170201 

Upper left: Scatterplot of WV snow depth against 
ASO snow depth with corresponding histograms. 
Center: ASO snow depth coverage over Grand Mesa.
Right: WV snow depth coverage over Grand Mesa. 

Below: Daily snow depth at the Mesa 
Lakes SNOTEL site annotated with dates 
of WorldView stereo collections
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- Excellent ground, airborne, 
satellite measurements (NASA 
SnowEx)

- Good distribution of terrain 
characteristics and vegetation 
density
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II. Approach

Study area: Grand Mesa, CO

III. Repeat snow depth observations over Grand Mesa (2017–2019)

1. Generate DEMs for all pairwise combinations with 
NASA Ames Stereo Pipeline

2. Align multi-view stereo DEMs and create median DEM 
composites

3. Co-register composites with snow-off reference DEM 
using stable surfaces

4. Difference DEMs (dDEM = snow-on – snow-free)

5. Compute statistics for snow using masks derived from 
multispectral images

6. Rejoice in snow depth map analysis!

I. Introduction

● Refine stereo snow depth processing methods and 
uncertainty characterization

● Process images from 2020, 2021, and 2022 to prepare a 
6-year distributed snow depth record for Grand Mesa

● Develop and test workflows for mountainous areas in 
absence of existing lidar reference data

VI. Future Work

IV. WorldView snow depth maps resolve 
meter-scale snow depth variability

● Good agreement between WV 20170201 snow depth and a 3 m 
Airborne Snow Observatory (ASO) snow depth map produced from 
8 Feb 2017 lidar flight

● Deviations in the profile show differences over snowmobile tracks 
between 1 Feb and 8 Feb 2017

WV 20170201Lidar reference
20170208Color-infrared image over Grand Mesa on 

1 Feb 2017. Imagery © 2022 Maxar

V. Mesa-wide comparisons with 
ASO snow depth

Satellite Stereo Snow Depth Retrievals over Complex Terrain

Check back soon for tutorials and community products on snow depth to SWE, lidar 
processing for DSM and DTMs, and our full Stereo2SWE workflow

● Satellite stereo snow depth maps resolve meter-scale 
features and spatial distribution  

● Intraseasonal and interannual snow depth retrievals 
over large areas ( > 1000 km2)

● Automated workflow to generate snow depth time 
series without ground control 

Key Takeaways

Good agreement across 
elevation and snow depth 
magnitude

n = 12,203,149

WV snow depth has a 
median bias of -0.19 m

ASO 20170208

Observations of snow depth are needed to quantify 
snow water equivalent at critical times of year.

We use 
● WorldView-2 and WorldView-3 (WV) 

panchromatic satellite stereo images
● and snow-free airborne lidar data

To make
● digital elevation models (DEMs) and 
● snow depth maps

Intraseasonal snow depth 
observations provide 
snapshots into understanding 
accumulation, redistribution, 
and melt processes 

Low snow year!

WV 20190326

WV 20180403

WV 20170318

WV 20170226

WV 20170201

Satellite stereo captures interannual snow depth observations 
near peak SWE for water years 2017, 2018, and 2019

C.
2017022620170201 20170318 20180403 20190326
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Color-infrared context image 

over Grand Mesa on 1 Feb 2017.  

Imagery © 2022 Maxar
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Above: Location of Grand Mesa, Colorado, USA with oblique aerial of the 
north arm. Photo credit: Chris Chickadel.
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Left: Violin plots show kernel 
density estimates for mesa-wide 
intraseasonal and interannual  
WV snow depth distributions.
Long dashed lines indicate 
median of snow distributions, 
while short dashed lines indicate 
interquartile ranges. 

High snow year!

C.

Above: CIR image of zoom inset (upper left), ASO lidar snow depth product (upper center) from 8 
February 2017 and WV snow depth (upper right) from 1 February 2017 with profiles overlaid in 
dotted red line. Snow depth profile plots (bottom) from upper left to lower right.

A.

B.

Zooms. CIR context and associated 
snow depth products from ASO 
(outlined in grey) and WV (in color). 
Above and below: corresponding 
time series snow depth histograms. 
A: Powderhorn Mountain Resort 
lodge and parking area with lower 
slopes. B: Car pullout and road near 
six SnowEx snow depth transects.

B. Car pullout 
C. Small isthmus

Color-infrared image over Grand Mesa on 1 Feb 2017. 
Imagery © 2022 Maxar

Color-infrared image over Grand Mesa on 1 Feb 2017. 
Imagery © 2022 Maxar

Snow depth (m)

Snow depth (m)


