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SNOWPACK MONITORING AND WATER SUPPLY
FORECASTING: EMERGING TECHNOLOGIES &
MODELING IMPROVEMENTS:WHAT ARE EMERGING
TECHNOLOGIES AND MODELING FOR EFFECTIVE SUPPLY

FORECASTING?
J
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Andrew Schwartz

Lead Scientist/Station Manager,
University of california, Berkeley -
central Sierra Snow Laboratory
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Advancements in Snowpack
Monitoring and Decision Support
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Andrew Schwartz

Lab Director
UC Berkeley Central Sierra Snow Lab



Late 1800s Notable History

Source: Library of Congress



Late 1800s Notable History
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Late 1800s Notable History

Source: Donner Summit Historical
Society
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Donner Summit Snowfall and Snowpack || UC Berkeley Central Sierra Snow Lab

— Maximum Snow Depth
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Mt. Rose Sampler (now Federal Sampler)
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Photo credit: USDA.go

Dr.)JamesE. Church
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Conducting Onion Creek Snow Survey

rkeley.edu



Central Sierra Snow Lab (CSSL) Est. 1946

T
Continued measurements that had already been occurring on Donner Summit for decades
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Snowpack Monitoring Advancements: Depth, Density, SWE
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Snowpack Monitoring Advancements: Energy Balance
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Energy Balance: Instrumentation and Measurement

EC150 — 3D Sonic Anemometer and Gas HMP155 — Temp/RH w/
Analyzer Shield

CNR4 — 4 Way Radiation — Up/Down HFPO1 — Soil and Surface Heat

Pyranometer and Pyrgeometer Flux

12



Snowpack Decision Support

Better measurement and monitoring capabilities have enabled decision

support tools

 Inflows and peak flows
« Flooding potential
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Snowpack Decision Support

e in Total Sno: Wt Eq alent (TAF)
Change in Snow Water Equivalent (in.) per I

Decision support through modelling b - I'

allows: St &l N

« Departure fromrelianceon
‘average’ snowpack conditions and

planning. S
- Greaterunderstanding of spatial —

variability. .
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Image credit: iSNOBAL data from M3 Works
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Support for Compound Events
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Thank you
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Airborne Snow Observatories

Full-watershed snow mapping and forecasting for decision support

; } ASGSno‘wDept
1 Kin, sﬁ(ver CA'
Februgly 2, 2023




Livi ng at t h e n ew % REUTERS® World v Businessv Markets v  Sustainability v  More v

United States

Crossrod d S Record California snowpack bounty

poses renewed flood risks

Ehe New Aork Times

Reminder: Snowpack represehfé 70-80% of the
j annual precipitation falling on the West and
! California

the West, othcials ruled
projects already approw:

A Breakthrough Deal to Keep the
Colorado River From Going Dry, for

Now

The agreement on cuts, aided by a wet winter and $1.2 billion in
federal payments, expires at the end of 2026.



April Obs

History is an increasingly peusgucmes  rocca mio o

st W Difference

POOr guide to the present';,’.""",' | " 1999] 120 | 197 -39%

2000| 155 159 -2%

forecasts based on historic data assume : 2001 150 | 146 3%
that calibrations apply to current conditions T RS 2002] 59 57 1%

forecast uncertainty requires a wide margin — ‘ 2003| 170 173 -2%
2004/ 100 78 28%

accurate & complete SWE mapping is a

foundation for reduced forecast uncertainty — g2#% ERESEESEESS TR, P IRPL 120 4%
* A 2006|210 176 19%
CA DWR Bulletin 120 & CA/NV River Forecast Center ' W N 4L N W2007| 150 177 -15%

Apr-Jul Runoff Forecasts, Mav 2017 . W & 008 200 195 2%
Stanislaus R F > : ~ - / - 2009 180 192 -6%
_ 2010 120 142 -15%

Tuolumne R f 2011 225 272 -17%

‘ 2012 100 64 56%
®m DWR 10/90 Range :
Merced R L M CNRFC 10/90 Range 2013 100 134 -25%
' 2014 250 242 3%
| 2015 166 202 -18%
Kings R 2016 167 157 7%
2017 195 184 6%

San Joaquin R

1000 2000
April-July Runoff, taf ] i . Forecast > 10% Forecast > 10%




NASA missions have clarified the water cycle

Precipitation
Rainfall

Snowfall

Groundwater

SOIL MOISTURE
ACTIVE PASSIVE

SMAP
Evapotranspiration

Runoff

Observation
Forecasting



Airborne Snow Observatories, Inc.

mapping the most critical snow properties and forecasting runoff volume & timing

Snow Water Equivalent Physical Modeling
Snow depth from lidar elevation Coupled lidar & spectrometer
SWE from coupling with obs & modeled density Physical snowpack & runoff modeling
iSnobal + WRF-Hydro
Snow Albedo ( ; iy
Operations

HySpex VSWIR spectrometers

Albedo & surface properties Unique high-altitude operations

Unique rapid product turnaround




Community WRF-Hydro Modeling Ecosystem

Shortwave Radiation v4

o Longwave Radiation v "
Transpiration 4 /

Canopy Water 4 Precipitation v

Evaporation . . .

Canopy Water v # Direct Soil Evaporation
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4+ Sensible Heat Flux

4 Sublimation
v Deposition

Interception v vCondensation

Bunoff / Infiltration Excess

Column Land.- Terrain Routing
Surfack Models: ‘ f Modules

Noah, qum@i e |

Sac-HTET _
Channel & Reservoir
i Routing Modules
1 W% 5

%
L)
o
>
T
o
—
L
aQ
o
=

Subsurface Routing
Channel Routing
Ponded Water

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
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Creek Fire scar

Visible Albedo
San Joaquin Basin, CA
14 April 2023




Mammoth Mountain Ski Area
2 July 2023
Acquisition under contract with CA Department of

Water Resources and CA Office of Emergency
Services



Mammoth Mountain Ski Area
2 July 2023
Acquisition under contract with CA Department of

Water Resources and CA Office of Emergency
Services
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RIEGL

LASER MEASUREMENT SYSTEMS

2016 — WSL/SLF Switzerland demo project
2016 — Science support frofn DoE, USFS

Z0L7 — Soutnern Siefra Nevada extension

2019 — Transition to Airborne.Snow Observatories, Inc. Q

2019 - Strategic Partnership with M3W & QSI/NV5
o 2020 — Strategic Partnership with Esri
@ esrl 2020 — First season as ASO Inc.
THE SCIENCE OF WHERE" 2020 — Strategic Partnership with NCAR for WRF-Hydro hydrologic modeling

/: S > 2020 — ASO-specific Federal and State (CA) Legislation

2022 - Grew to multiple ASOs
M3Works

\ 2022 - Added VSWIR imaging spectrometers
B NCAR

2022 - International implementation

gucnFum

SPATIAL




Wide-range of decision-support applications

Reservoir operations Proactive flood management

+19.1511"Precip + 0.0001°T

Kings River, CA — 2019: flood designation avoided using ASO

avoided
costly water

lease NOAA RFC 2.1 MAF 1.9 MAF
ASO 2.5 MAF

ecology flows in
drought years

CA DWR 1.8 MAF 1.6 MAF

E?:duiiig‘rmo : SWE volume guidance

I b ound ~ met supply | Apr-Jul Runoff Forecast Exceedance
ower boun - Cot

confidence allowed obligations  forecasts 10% 50% 90%

500 1000
MLR Estimate, TUM Precip [TAF]

Ecologic & In-stream flows
fish flow timing

Reservoir operations timing
Dillon Reservoir 2019

captured 2" runoff peak

dam release ramping

Dillon Reservoir Inflow
= ASO Flight
Combined River Rel P 24 June
' ASO Flight

19 April

Ramp Downs
with ASO Data

- . I |
S Al / ntegration




Operational forecast integration

NWS River Forecast Center testing/evaluation WRF-Hydro forecast with ASO data assimilation
* experimental SNOW-17 forecasts with ASO ingest * distributed, physics-based model

* ASO validation of RFC SWE volumes * ASO SWE ingest enforces spatial distribution of snow

o B T T T TR . s East River @ Almont Taylor River @ Taylor

. — 2018 Colorado ESP for: EASALMCO 2018 Colorado ESP for: TAYATPCO
CBRFC Experimental Forecast ESP 1090 125 1g5p 0T3P

Mean/Median (thousands acre-feet)

Mean/Median (thousands acre-feef)
ESP 30 70 2018-04-11 83.7/82.6 2018-04-11 42.6/42.6
2018-04-29 75.9/76.8 2018-04-29 39.1/38.5
i e 2018-05-11 72.4/72.1 2018-05-11 358/36
== Observed Cumulative Volume 2018-05-27 88.8/86.9 2018-05-27 35.4/356
= ~*-{ Forecast 2018-06-10 85.4/83.9 2018-06-10 32.8/32.4
2018-06-18 84.2/83.2 2018-06-18 32.2/31.9
mental Forecast 2018-07-04 832/81.8 2018-07-04 32.1/31.7
50 T T 2018-07-22 82.1/81.5 2018-07-22 31.6/31.5

N 0 2018-08-12 81.2/81 2018-08-12 31.1/31
April forecasts 2018-09-02 82.7/82.7 2018-09-02 31.4/31.4

2019, 2021, 2022
40

Volume [kaf]

30

20

Experimenta

Forecast error (%)
(CBRFC vs Observation)

courtesy Pat k

Accumulated Flow (thousands acre-feet)
Accumulated Flow (thousands acre-feet)

2022-01-01 202 I 2022-0801

LA
10 20 30 40 50

Snowpack error (%) 4
(CBRFC vs ASO) ) courtesy Dave Gochis, NCAR

Jul Oct

Date




Adaptation in practice: Feather River, CA, 2022

Early warning of low snowpack
I File Overlay Enhance Tools Window e Ed Cotio

snowpack peaked Jan 1 e

overestimated by conventional products e o 03 i 100 spectql Frofle ey

e s o j
Wildfire impacts on hydrology oy oy _ sof

>60% of basin burned in 4 years : CRPL ) : PR e »ﬂf——f——-?

Large snow albedo reduction from soot 22 e \ W e e i F _ ___,_-_ﬁ___?

Clean snow —

Soot-laden SNOW s

50% increase in net solar
radiation



The audit points to full ASO implementation

SUMMARY RECS INTRO ISSUES APPENDIX RESPONSE

Department of Water Resources
Its Forecasts Do Not Adequately Account for Climate Change and Its Reasons for Some
Reservoir Releases Are Unclear

May 25, 2023
May 25, 2023
2022-106

The Governor of California

President pro Tempore of the Senate
Speaker of the Assembly

State Capitol

SUMMARY

Climate change has had significant ramifications for the State's water supply, and
researchers project that its effects will increase in the future. Nonetheless, the
Department of Water Resources (DWR) has been slow to account for the effects of
climate change on key responsibilities related to managing the State’s water resources.

For example, one of DWR'’s responsibilities is to develop water supply forecasts on which
both state and local water agencies rely. However, DWR has not adequately ensured
that its forecasts account for the effects of climate change. Similarly, it has not

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.

Lake Shasta

Feather

Yuba

Truckee

Carson San Joaquin
American Kings

Toulumne [ Kaweah
Merced Kern




California Water Data Summit

Snowpack and Water Supply Data
for Metropolitan Water District

Brad Coffey, Water Resource Manager
September 7, 2023




Metropolitan Water District's Sources of
Supplies

NORTHERN SIERRA

~—

Lake Oroville
SACRAMENTO & UPPER

FEATHER RIVERS __—» State Water Project COLORADO RIVER
A BASIN
BAY-DELTA __—~®

COLORADO
LOS ANGELES RIVER

AQUEDUCT Lake

Mead
MWD Service Area = :
Local Supplies: golorgdotRlver
50% Ay queduc

geles Aqueduct
~ wunscivation
* Groundwater
* Recycling
» Desalination



Historic Swings in State Water Project Availability

= Unmanaged Surplus

SWP Allocated Supply

25

= i = i
L = - =]

(198)-a12e uoI|liw) dMS alqeliesy

=)
2

EZOE
£c0e
L20E
020E
GLOE
BLOE
LL0E
aL0e
SLOE
FLOE
ELODE
chOe
LLOE
OLOE
GO0E
BOOE
L00E
f00E
S00E
FO0E
EOQE
cO0E
LO0E
000e
GE6 1
BEGL
LBGL



Million Acre-Feet

Metropolitan’'s Storage Capability

: End-of-Year Balances

5 Emergency Storage =Dry-Year Storage

4

3
2 -
4 - 'I 5 -
1 .I .-1 1_ -t =
1 E
0

hr'[,’bqut{:. iq}%ﬁhwfﬁ-h;ﬁﬁﬂ%%ﬁhfﬂ,%
) & AU BN N BN BN A’
T R W A A A A R A R A S S AN RIS



Multi-Purpose Storage Reservoirs — Lake Oroville

December
2022




California’s Water Infrastructure Challenge

OCT

Baseline
1981-2000

@ Historical Data @ Business as Usual

FEB

MAR APR MAY

End of Century
2081-2100

E Runoff Midpoint

E Runoff Midpoint

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




Metropolitan’s Water Supply Conditions Report

State Water Project
Resources

State Water Project Resources

SWP Table A—1 911,500 AF

124%

(% of normal)

Million Acre-Feet

Other SWP Supplies

Calendar Year 2023

Carryover 39,000 acre-feet
Article 21 134,000 acre-feet

210%

(% of normal)

'Ange\es 149%

of normal)

[ ¥ SanDiego
L]

Million Acre-Feet

80%

Diamond Valley
648 TAF




Pre-Experiencing Our Future

Greater Imported
Supply Stability

A ow I

High

Demand | §|Demand

Stable Stable
Lower  Imports )f\Imports Higher
Demand - N Va Demand
on MWD Low High on MWD

Demand Demand

Reduced|§|Reduced

L Imports) kImports

Less Imported
Supply Stability

Rapid Climate Change

Climate Adaptation
Master Plan for Water
Reliability
Resilience
Affordability
Financial
Sustainability
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