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1. Introduction

• Lidar is widely used to map snowpack surface geometry 
(i.e. depth, area)

• Most photons in laser pulse scatter many times within
snowpack volume before returning to receiver

• We use the signature of volumetric scattering to estimate 
following snowpack properties:

• Ice volume fraction: Equivalent to density, 
required to compute snow-water equivalent

• Ice grain radius: Controls snowpack albedo 
and melt-rate

• Light absorbing impurities: Concentration of 
soot, dust, or organic carbon.

• Potential Applications:   Measuring snow-water 
equivalent (SWE), snow-melt forecasting, glacier mass 
balance, avalanche prediction
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2. Photon Diffusion Model  

Photon Diffusion Model [1]
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Geometric Scattering Model [2, et al.]
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µa = absorption coefficient (m-1) 
µs = scattering coefficient (m-1) 
g   = scattering asymmetry factor (unitless)
c* = mean speed of light (m/s)

v*  =  ice volume fraction (unitless)
r* = grain radius (m) 
Cbc = black carbon concentration 

(g b.c. / g snow)

• Model solves the photon diffusion equation, an 

approximation to the radiative transfer equation

• Scattering parameters derived using Mie scattering 

model that assumes spherical ice grains

2. Photon Diffusion Model (cont.)  
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Effect of (a) density, (b) grain size, (c) black carbon content, 

and (d) separation of laser and focus spots, on time-

dependent optical response of snowpack
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3. Experiment

• Assembled simple photon-counting lidar system 

consisting of two diode lasers (λ = 640, 905 nm) and a 

single-photon avalanche diode (SPAD) detector

• Laser illuminates point on snow surface, detector 

measures light that exits snow surface a small distance (4-

10 cm) away

4. Estimation Algorithm

[µa c* ] = 1.47e8 (1/s)
[2Dc*] = 1.98e5 (1/s)

640 nm

[µa c* ] = 8.54e8 (1/s)
[2Dc*] = 2.10e5 (1/s)

905 nm Fit parameters

1. Fit diffusion model to time-of-
flight histograms at two wavelengths

Sample measurements for a variety of snow types
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2. Compute snowpack 
properties

Black Carbon Concentration

5. Results

A. Natural Snow Samples

5. Results (cont.)

B. Soot Addition Experiments

6. Conclusions

• Time-domain diffuse optical measurements enable retrieval of 
grain size, ice volume fraction, and impurity content

• Experimental results are consistent with ground truth, 
although biases must be investigated further

Directions for Future Work
• Verify scattering model through larger measurement campaign
• Develop portable instrument for field measurements
• Explore potential to use diffuse optical signals in lidar remote 

sensing contexts
• Snow stratigraphy retrieval via diffuse optical tomography
• New modality for studying the optical properties of snow
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