




Advancements in Snowpack 
Monitoring and Decision Support
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Andrew Schwartz

Lab Director
UC Berkeley Central Sierra Snow Lab



Source: Wikipedia Source: Library of Congress

Late 1800s Notable History



Source: UK Met Office

Late 1800s Notable History



Late 1800s Notable History

Source: Donner Summit Historical 
Society





Dr. James E. Church

Mt. Rose Sampler (now Federal Sampler)

Conducting Onion Creek Snow Survey

Photo credit: USDA.gov

Photo credit: USDA.gov



Central Sierra Snow Lab (CSSL) Est. 1946

Continued measurements that had already been occurring on Donner Summit for decades



Snowpack Monitoring Advancements: Depth, Density, SWE

Photo credit: Airborne Snow Observatories

Photo credit: Climate.govPhoto credit: USDA.gov
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Snowpack Monitoring Advancements: Energy Balance



Energy Balance: Instrumentation and Measurement

EC150 – 3D Sonic Anemometer and Gas 
Analyzer

CNR4 – 4 Way Radiation – Up/Down 
Pyranometer and Pyrgeometer

HMP155 – Temp/RH w/ 
Shield

HFP01 – Soil and Surface Heat 
Flux
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Snowpack Decision Support

Better measurement and monitoring capabilities have enabled decision 
support tools

• Inflows and peak flows
• Flooding potential 

Heggli et al. 2022



Snowpack Decision Support

Decision support through modelling 
allows: 
• Departure from reliance on 

‘average’ snowpack conditions and 
planning.

• Greater understanding of spatial 
variability.

Image credit: iSNOBAL data from M3 Works



Decision Support for Compound Events



Thank you



Thomas H. Painter | Airborne Snow Observatories, Inc.

ASO Snow Depth
Kings River, CA

February 2, 2023

Airborne Snow Observatories
Full-watershed snow mapping and forecasting for decision support



Living at the new 
crossroads

Reminder:  Snowpack represents 70-80% of the 

annual precipitation falling on the West and 

California



History is an increasingly 
poor guide to the present

• forecasts based on historic data assume 
that calibrations apply to current conditions

• forecast uncertainty requires a wide margin

• accurate & complete SWE mapping is a 
foundation for reduced forecast uncertainty

April 

Foreca

st

Obs

Inflo

w

% 

Difference

1999 120 197 -39%

2000 155 159 -2%

2001 150 146 3%

2002 59 57 4%

2003 170 173 -2%

2004 100 78 28%

2005 125 120 4%

2006 210 176 19%

2007 150 177 -15%

2008 200 195 2%

2009 180 192 -6%

2010 120 142 -15%

2011 225 272 -17%

2012 100 64 56%

2013 100 134 -25%

2014 250 242 3%

2015 166 202 -18%

2016 167 157 7%

2017 195 184 6%

2018 137 117 17%
Forecast > 10% 

Low

Forecast > 10% 

High

Dust-on-snow

Wildfire/Beetles

Temperature
& Precip changes

Courtesy Wes Monier (TID)

CA DWR Bulletin 120 & CA/NV River Forecast Center 
Apr-Jul Runoff Forecasts, May 2017



NASA missions have clarified the water cycle
Precipitation

Rainfall
Snowfall

Groundwater

Evapotranspiration

Runoff
Observation
Forecasting



Airborne Snow Observatories, Inc.
mapping the most critical snow properties and forecasting runoff volume & timing

Snow depth from lidar elevation
SWE from coupling with obs & modeled density

Snow Water Equivalent

HySpex VSWIR spectrometers
Albedo & surface properties

Snow Albedo

Unique high-altitude operations
Unique rapid product turnaround

Operations

Coupled lidar & spectrometer
Physical snowpack & runoff modeling 
(iSnobal + WRF-Hydro)

Physical Modeling



Community WRF-Hydro Modeling Ecosystem

• State of the art column land surface thermodynamics
• Dynamic, hyper-resolution terrestrial overland, sub-surface and channel routing
• Multi-spatial framework support
• Current configuration using 1km column physics with 250m terrain routing

Rummler et al., 2019

slide courtesy Dave Gochis, NCAR



April 9, 2022

Kings River, CA

Jan 22, 2023



April 9, 2022

Kings River, CA

Jan 22, 2023



50 75

100Snow Albedo (%)

Visible Albedo 
San Joaquin Basin, CA

14 April 2023

Creek Fire scar



Mammoth Mountain Ski Area

2 July 2023

Acquisition under contract with CA Department of 
Water Resources and CA Office of Emergency 

Services



Snow Depth (m)
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Mammoth Mountain Ski Area

2 July 2023

Acquisition under contract with CA Department of 
Water Resources and CA Office of Emergency 

Services



2012 – First flights – partnership with NEON

2013 – First snow flights – NASA HQ support

2013 – JPL Riegl & itres CASI instrument purchases

2013 – Funding support from State of CA

2015 – Funding support from State of CO

2015 – NSIDC begins data archive & distribution

2016 – WSL/SLF Switzerland demo project

2016 – Science support from DoE, USFS

2017 – Southern Sierra Nevada extension

2019 – Transition to Airborne Snow Observatories, Inc.

2019 – Strategic Partnership with M3W & QSI/NV5

2020 – Strategic Partnership with Esri

2020 – First season as ASO Inc.

2020 – Strategic Partnership with NCAR for WRF-Hydro hydrologic modeling

2020 – ASO-specific Federal and State (CA) Legislation

2022 – Grew to multiple ASOs

2022 – Added VSWIR imaging spectrometers

2022 – International implementation

2023 – Marked expansion in CA and CO

ASO Program Evolution



Wide-range of decision-support applications
Reservoir operations 

• Robust AJRO 
predictor

• lower bound 
confidence allowed 
ecology flows in 
drought years

Proactive flood management

• Kings River, CA – 2019: flood designation avoided using ASO 
SWE volume guidance

• met supply 
obligations

• avoided 
costly water
lease

Ecologic & In-stream flows
• fish flow timing

• dam release ramping

Reservoir operations timing

• Dillon Reservoir 2019

• captured 2nd runoff peak

ASO Flight
19 April

ASO Flight
24 June

Dillon Reservoir Inflow



Operational forecast integration
NWS River Forecast Center testing/evaluation

• distributed, physics-based model 

• ASO SWE ingest enforces spatial distribution of snow

WRF-Hydro forecast with ASO data assimilation

East River @ Almont Taylor River @ Taylor 
Park

courtesy Dave Gochis, NCAR

• experimental SNOW-17 forecasts with ASO ingest

• ASO validation of RFC SWE volumes

CBRFC Experimental Forecast

courtesy Pat Kormos, CBRFC



2022 SWE Volume Estimates – Feather River, CA

Adaptation in practice: Feather River, CA, 2022 
Early warning of low snowpack

• snowpack peaked Jan 1st

• overestimated by conventional products

Wildfire impacts on hydrology

• >60% of basin burned in 4 years

• Large snow albedo reduction from soot

Dixie Fire Perimeter
Isnobal Model Domain



The audit points to full ASO implementation

DWR invested in ASO starting in 2013 and 
has done so since.  They have tried to get 
the adequate funding for the complete 
program but have struggled.  
The complete program is ASO with its 
physical snowpack constraint and physically-
based runoff forecasting WRF-Hydro.



Snowpack and Water Supply Data 
for Metropolitan Water District

California Water Data Summit

Brad Coffey, Water Resource Manager

September 7, 2023



Metropolitan Water District’s Sources of 
Supplies

20
%

30%

50%

Lake 
Mead

Lake Oroville



Historic Swings in State Water Project Availability



Metropolitan’s Storage Capability 
End-of-Year Balances



December 
2022

March 
2023

July 
2023

Multi-Purpose Storage Reservoirs – Lake Oroville



California’s Water Infrastructure Challenge

Reich, K.D.,  et al. (2018). Climate Change in the 
Sierra Nevada:  California's Water Future. 
UCLA. 



Metropolitan’s Water Supply Conditions Report



Pre-Experiencing Our Future

Rapid Climate Change

Greater Imported 

Supply Stability

Less Imported 

Supply Stability

Lower 

Demand 

on MWD

Higher 

Demand 

on MWDHigh 

Demand 

Reduced 

Imports

DC Low 

Demand 

Reduced 

Imports

A Low 

Demand 

Stable 

Imports

BHigh 

Demand 

Stable 

Imports

Climate Adaptation 
Master Plan for Water

Reliability
Resilience

Affordability
Financial 

Sustainability






