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Executive Summary

Snow plays an important role in water supplies in most Burd
ReclamatiorReclamationvatersheds. Snow in mountain
watersheds acts as a natural reservoir, holding the frozen W
that gradually melts to release flows as the season progress
Accurately estimating the water contained within the snow i
critical forwater supply forecasts that reservoir operations a
broader water management in the seventeen Western Unitéa
StategWestyely on This, coupled with impact of climate change on historical precipitation and
snow melt patternand increases on water demands due to regional populationugdevdtores
the critical importance of snow monitoring for water managers and water users alike.

As water supplies and demands
change, improved snow monitoring
technologies and water supply
forecasts are increasingly important
for water managers.

The Snow Water Supply Forecasting Program Authorization Act, 2020 (Act), establishes the Snow
Water Supply Forecasting Program (Programi withDepartment of the Interi¢@Ol).

Reclamatiaracting on behalf of the Secretdrthe Interioy is implementing the Program to
advancemerging technologies to enhance snow monitoring and subsequent water supply forecasts.
Program activities stand to build climate change resilience by enabling improved water management
and will be implemented consistent witedative Order (@) 14008: Tackling the Climate Crisis at

Home and Abroad.

Snow surveys date back to the early 1960ayactivities to

monitor snow have expanded to cover more, arglas Emerging snow measurement
technological advancements matiege measeiments more | technologies stand to improve snow
precise. Snow monitoring informs a host of forecasging monitoring and water supply forecasts

from shortterm streamflow to seasonal water supply forecq in the Western United States.
and advaneceens in monitoring can lead to forecast benefitg
However, uncertaingbout snow conditions as well as timing
and magnitude of snawelt runoff remains. These uncertainties reflect, in part, the challenges of
monitoring snow in th&/estwhich include very diverse landscapth high peaks over

14,000 feet in elevation, expansive plains, high deserts, and heavily forested areas. Access for
measuring snow can be challengingmuxete lands, wilderness areas, and physically inaccessible
areas. The variable nature of snow itself and the extreme cold that often accompanies snow can pose
challenges for effiaee, reliable snow monitoring. Snow measurement can be conducted from

different platforms, ranging from grourasedo aircraft and satellite basedestimatedsing

modeling tools. Each platform and each specific snow monitoring technology hisshiesdeeh

cost, spatial coverage, temporal coverage, accuracy, precision, resolution, geographic suitability, and
reliability.

Pursuant to the Acthis report evaluatesneging sow measuremetgchnologiesliscusses their
benefits tdorecastingwate supply reliabilitgnd the environmerdnd proposes a framework for
coordinating with other agencies on Program implementation. To helpedesiiyng
technologieghis report reviews snow measurement methodsng from longtanding practices
to approachestill in research aevelopment phasér this report, an “emerging” technolsgy
mature enough to bealde inwater supply forecastghin the next years—but is not being
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widely used today. Further, for this repechinologies can include sensors, methods, and models.
The report found that ten technologieset theseriteriaand stand to improve operational water
supply forecast$hese technologiese summarized in Table-E$ addition to identifying these
“emerging technologieshe report finds

e Groundbasedsnow measurements are critical to developing and egaiaatisnow
monitoringtechnologiesnaintaining and enhancihgse networks is a high priority.

¢ No single snow monitoring technology provides completecemoltion informabn
throughout the West with the desired frequency, precision, and effitierecis unlikely
to be such a technology for some time. Accordingly, a “portfolio” apircachv
monitoringthat uses a blend cdmplenentarytechnologies is and will continue to be
important.

e Whilesnow characterization is critical for water supply forevasither forecastiagd
other variable®.(., soil moisturg)lay major rokein being able to prediatnoff and
overall water availability. Impirgyweather angeasonal climate forecastsdanperature
and precipitation will provide the complementary information needed for a more complete
picture of future water conditions.

e Severasnow monitoring technologieere reviewebut did not meet the emerging
technologyriteriaas they are not yet sufficiently matianyof these have the potential
to produce substantial future bene@ntinued development of these promising
technobgies and research new concepts is valuable

e Emerging technologies would benefit from an efficient pipelinegoatahem into
widespread water supply forecastihg will require cooperation amongst agencies and a
continuing commitment.

e Partner agencies are engaging in significant efforts related to emerging snow monitoring
technologies and their use in water supply forecasts

A Program Partner Agency Council will
be established to coordinate activities
and to facilitate the use of emerging
technologies in operational water
supply forecasts.

Reclamation worked with Federal and other partner aget
to review snow monitoring technologies and their use in
supply programs. There is strong consensus that existing
technologies are undeedand could be used more
effectively to enhance water supplies in the yexdrs

Reclamation’s Program investments will target activities that

improve water supply forecasts, expand snow monitoring in existing and fiver iasins, and

develop and use new snow measurement tools. Reclamation will collaborate with partner agencies t
advance emerging technologiesptodinate data use and collection for snow monitoring, and to
improve water supply forecasting. In support of this, Reclamation will formalize and convene a
Partner Agency Council to maximize Program impacts by teyeragstments and provide a

forum for information exchange related to use of snow monitoring in water management and water
supply forecasting.
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Table ES1. Emerging Technologies

Emerging Technologies Summary
Ground -Based Technologies

Net radiometers measure energy from the sun and heat from the ground, which informs snow
melt timing and can be used to improve snow science.

Snow temperature sensors measure how cold the snow is at various depths in the snowpack
which can improve predictions of snow melt timing and informs snow science.

Air and S pace-Based Technologies

Aircraft lidar (e.g. Airborne Snow Observatory [ASO]) maps snow depth and when coupled with
modeling, provides information on water held as snow.

Snow Covered Area (SCA) fractional Snow-Covered Area (fSCAmethods use satellite imagery
to map the portion of the land covered by snow.

Satellite albedo methods use satellite imagery to measure how clean/dirty the snow is, which
has implications for how slowly/quickly snow melts.

Satellite stereo imagery methods use high-resolution pictures from space captured from
different perspectives to construct a three-dimensional (3D) model of the Earth’s surface
providing information on snow depth.

Modeling Technologies

Snow Data Assimilation System (SNODAS) is a National Oceanic and Atmospheric
Administration (NOAA) system that blends observations and weather model output to estimate
snow conditions across the United States.

Snow Water Artificial Neural Network (SWANN) estimates snow conditions across the United
States using a machine learning system that blends snow observations and estimated
precipitation data.

University of Colorado real-time spatial estimates of snow water equivalents (CU-SWE) uses
statistical modeling that blends satellite information with historical snow patterns and
landscape characteristics to estimate snow conditions.

Advanced snow models (e.g., iSnoba) use physics to track finely detailed snow conditions and
can produce high resolution maps of basins or regions and can more easily incorporate data
from air and space-based technologies.
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1. Introduction and Background

For mostof the watershedsherethe Bureau dreclamatio
(Retamation)peratessnow playsmaamportantrole in To understand the time and space
water supply anthus, its characterization is the foundatiq variation in the snow’s energy and

for many forecasts regarding water availability.i®Snow | mass balances along with the
mountain watershedsts as aatural reservoir, holding the| extensive feedbacks with the Earth’s
frozen water that gradually melts to reltawsas the climate, water cycle, and carbon cycle,
season progress&siow surveys in the Sierra Nevada of | itis critical to accurately measure
California and Nevadfate back to early 1900s. These snowpack. - NASA SnowEx Science
surveysnformed early forecasts, such as those pioneerg Plan

Jams Church at the University of Nevada Renthforise
in Lake Tahoe from snowmelt. This information informed

dam releases and helped to ease tensions famoeigover water availabiliffoday snow and

other basin condition monitoring is enhancedahaoverage atethnicaprecisionTheseand
otheradvancements haaeabéd a host of forecasts that span steonh streamflow to seasonal

water supply forecasted are relied on byaer managers. Despite these improvements
uncertaintyemains about tremount ofwater held as snamd the physical processes that affect

the runoff volume and timing. This is attributable tonthié-faceted nature of snow monitoring

and challenges of monitoring snow across the diverse western larfdscabigh peaks over

14,000 feet elevatitm expansive plains to high deserheaily forestecireasAccess for snow
monitoring can be challenging gwevatelands, wilderness areas, and rugged mountainous terrain.
Emerging technologies for snow monitoring offer opportunities toward more spatially and
temporally continuous, high fidelity snow monitoring for a variety of snow properties.

The Snow Water Supply Forecasting Program AuthorizatiphcBc2020estabshes the Snow
Water Supply Forecasting Program (Program) within the Department of the/D®@a)ior
Reclamation, actir behalf of the Secretaryinmplemenng thisprogramPursuant to the Ach,
report on Emergingsfiow Measurem@echnologiess to be submitted to CongresisisTreport
focuses on snow measurement in the West. Specifically, this report

e Describes the benefits derived from using technologies to increase water supply reliability
and supporthe enironment

e Summarizes thstate of practice for snow monitoring and the opportunities presented by
emerging technologies to enhance snow monitoring and subsequent fordoasts
ground technologiga Section 2air and spacedhnologies in Sectiona®d snow models
in Section 4

e Synthesizetechnologies across platforms and discusses how these methods can be used
together to provide effective snow monitoring for water supply forec@stsion 5

e Describes how Federal agencies will coordinate to implement emerging technologies
Section 6

Detailedsnow monitoring technologummarieare available in the Techni&ppendix of this
report.
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1.1. Snow Properties

A variety of snow properties play a rolgater suppljorecastandsubsequemnwater management
ard reservoir operations decisidrhese can be groupednasasurements that inform how much
snow theresiand measurements that inform when snow will melt.

1.1.1. Snow Depth

From local weather forecasts to conditions at ski resorts, snow is foremost described by its depth.
Across a basin or domain, snow degdinsvary considerablyskgpe, vegetation, exposaed
otherfactorscontribute to hovand where snotes been deposited, redistributed|ted and

evaporatd. Snow epth provides valuable information regarding water stored as snow, but alone,
depth does not completely characterize snow’s runoff potential.

1.1.2. Snow Density

Snow density describes the water coofehe snow. Atmospheric and meteorological conditions
that govern snow formation and deposition processes can produe# sitbva wide range of
densitiegmass ofiquid or frozen water per unit voluafesnow)—from light powdery snowe,
10 perent density ot0 kilograms per cubic metag/in?]) to heavy wet snows.,25 percent
density o250 kg/nf). As such, characterizing the density of the snow amassential
compement to snow depth in characterizing water volume stored in the snowpack (the
accumulation of snow on the grourlpumber of factors can impact snow and snowpack
densitiesFor examplesnow fallingat lower elevatiomgill have a different density thsamow
falling at higher elevations due to differing atmospheric conditions (e.g., teraperaturedity
Further assnowpack evolves over time, it is possible for snow densities to vary lmased on
terrain vegetationand otheproperties.

1.1.3. Snow Water Equivalent

Snow water equivalent (SWE) refers to the depth of liquid water that would be obtained if a column
of snow was completely melted. SWE reflects bothdepitvandnow densitylotal SWE across

a watershed represents a measure of snowlaetevpotentially available for river runoff, subject

to other geophysical, biophysical, and anthropogenic processes that affect basin water balance,
including but not limited to evaporation losses, transpiration losses from forests and crops,
interactionsvith natural storage mechanisms like soil moisture and groundwater, and human
alterations to the landscape and its natural streamflow generation mechanisms, such as land use
changeFor many rivers the WestSWE data are therefore the primary, but not sole, source of
seasonal water supply forecast skill, and generally speaking, the better the SWE data, the better the
forecasts.

1.1.4. Snow-Covered Area

Snowcovered area (SCw¥ers to how much of the landscape is covered by Bhigvallows
forecasterscientists, and water managers to understand what portion of their basin is covered in
snowand guide water supply forecasts through emptatadbnshipsThere are variety of methods

for estimating this aspect of the spamd many of these resala gridded data produSbhme

gridded data produdisrther refinghese grids as fractional srawered area (fSC#)speciy

what fraction of a grid cell is covered by snow.
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1.1.5. Snow Temperature

Showtemperature can be useful for understanding how neastyotv i$0 melt Snow at

32 degrees FahrenhéR) istypicallyreadyto melt(though other atmospheric parameters play a

role in thereadinessif snowto mel), whereas snow that is colder has sufficient insulative capacity

to resist melting emperaturean be measured at the snow’s surface or multiple measurements can
be taken at different depths in the snowpack. Surface temperatures can be monitored by a variety of
approaches, but the temperature profile along a vertical transect of phels@bdifferent

depths)s primarily measured on sii¢hile verticadnow temperatuteansect measurements are
infrequently collectethis information is increasingly recognized as valuable for predicting
snowmeltiming

1.1.6. Albedo

Snow albedo refers to the fraction of incoming solar radiatsamlightthat the snoweflecs.

Clean, bright snow reflects a significant portion of incoming radiation; dirty or dusty snow will
reflect less armbsorb more incoming radiation. In some portions of thedgiates, dust and
other impurities can significantly alter the snow’s altsaing the snow to absorb more light and
thus warnup fasterAs such, dirty, dusty snow can melt faster than clean snow, which can
significantly impact runoff timing.

Like snow temperature, albedo can be valuable in understanding the timing of snowmelt and
subsequent runoff. The radiation/energy balance of thesotien more significant for snowmelt
timing tharambient air temperatures.

1.1.7. Grain Size

In freshly fallen snow, individual snowflaketoaselyand disorderly piled together. With time, the
snowllakes merge together into larigerparticlesr “snow grains When snowpack temperatures
are near the melting point, the gemaincreasefurther. Larger grains absorb more sunlight than
finer grained fresh sno®ubtle changes in t@or and albedo of snaa&nbe used to estimate
grain size and furthenderstand when snow will melt.

1.2. Measuring Snow Properties

Snow measurement can be conducted from different platforms, ranging from on the ground to in
the air to satellites spacelLocal, grountbasedneasurements tend to sample a particular site

very small area, whereas measurementsdaikarly from higher altitudes cover larger areas.
Groundbased measurememntse ata more exaaharacterization of the sneswut only at that

one locationAircraftandsatellitedbased measurements caeapatterns and characteristics in the
snow that cannot be sdeom the ground—but are sometimes coarser in resolution and may have
other limitationsvhen relying on estimating snow properties from indirect.signals

Snow measuremersn be manual aubmated with gradations in between. Manual

measurements aexious and infrequerbut allow human intervention for unusual situations and
first-hand knowledge of the conditions on the ground. Automated measurements provide a wealth
of dataat finer time intervals, batjuipment failures and measurement ammaysgo undetected

be difficult to resolve during wintBrgure Icompares the types of measurémplatforms with the

snow properties they measure.

6
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Figure 1. Snow measurement properties and platforms.

Finally, computer models can simulate snow conditions in space and time where/when observations
are not available. Thesemeates provide a valuable complement to direct observations.

Snow models affexibleasthey can derive nearly every type of measurement and work with a
variety of data yeepend on high quality real measurenteiis reliableReal measurements can
indude measurements made manually or by automated instruments

1.3. Using Snow Monitoring Data in  Water Supply Forecasts

Water supply forecagigedict the volume of expected runoff over several months into the future.
These forecasts inform water management amchksofthe Westln addition to water supply
forecastspther streamflow forecasteus on hovetreamflow at a particular location will change in
the neaterm(i.e., suldaily timestep flow forecastpicallyon theorder of aveekinto the futurg

Despite differences in these foretgstsand the methods by which they are producedaltirely

in some way on data about current basin conditions (e.g., snowpack) and assumptions regarding
future weatheover the horizon of interest. Figureh®dws a generalized process for developing
water supply forecasts and their use in water manageahading sources contributing to a

forecast’s uncertainfystimates of basin conditiofesg., snow, soil moistyrieiture weather, and
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the model employeaxhnall be sources of uncertaitythe case of bassmow conditions, there

can be uncertainty in theect meage of snow(i.e, a sensor’s accurgag)the processing of

sensor daté.e,, how does a sensor’'s measurement translate to a snow pamgkeiriythe
extension/extrapolation of conditions to portions of the bagiowt direct measures of snow.

Figure ancludes a representation of how uncertainties can propagate into a forecast. Actual
uncertanty propagation will vary situationally. In recognition of forecast uncertainty, many forecasts
are issued probabilisticalgflecing a range of possible outcomes.
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FTA
Current basin
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tj}
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' ~ Pt Y EEE
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Figure 2. Role of current conditions in water supply forecasts and water management.

Snow monitoring is focused on chimazing current conditions, which are the legacy of past
weather/storms. In river basins that rely predominantly on snowmelt runoff (i.e., where a high
percentage of the streamflow is a result of melted snow), water supply forecasts derive much of their
skill from knowledge about the snow that will eventually become runoff. As such, enhanced
monitoring of basin conditions will improvwestforecastypes Snowpack tends to peak in late

winter and early spring, providing a strong indication of the runoff te-gemerally, the more

snowpack, the more runoff. However, even after peak snowpack accumulation is reached, future
weather conditions (e.g., temperature and precipitation) play a significant role in seasonal runoff
timing and volumend in fact represt the largest remaining source of water supply forecast
uncertaintylt is important to note that in addition to SWE, other snow properties can inform

aspects of forecasting. For example, albedo (i.e., dust on snow) can have a notable impact on runoff
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timing. Further tiis possible to forecast changes in albedo if information on imputhies
snovpack have been collected.

While the potential for enhanced snow monitoring to improve water supply forecasts is widely
recognized, how readily these addraeats can be integrated into forecast processes and ultimately
improve skill must be considerBdamples include ensuring the new monitoring data and
monitoring period of record in a format that current forecasting systems can Ingesnhe

cases, modest forecast model adjustmaay be able to address compatilssityes. In other

cases, completely differerdduals and paradigmmay be needed. Additionally, forecast matlels
involve some form of calibration whereby the model’s response to inputs isifficiedt S

historical data armportant forthis process to be effective. Thus, whast forecasts can and will
improve with better basin condition monitoring, use and compatibility considerations must be
addresseftbr maxinum impact Weather forecast improvement is cemphtary to better basin
condition monitoring in improving overall water supply forecast skill. Accordingly, it is important to
appreciate how enhancgrdnitoring of current conditions can improve forecashpared to
othersources of error in a water supply forecast.

1.3.1. Operational Water Supply Forecasts

The Natural Resources Conservation Service (MRE8ational Weather Service (NWRiSgr
Forecast Centers (RFC) are the main Federal agencies that produce water supplgdaggrasts
other Federal and State agencies also produce their own water supplyForestasts areas and
actionslegal decisions imternational treatiesandate the use of specific forecasts.

The NRCS maintains a large network of groasdd snow monitorinige(,Snow Telemetry
[SNOTEL], SNOw telemetry LITESNOLITE], and manual snow surjestationsacross the

West, which provide valuable#teak and historical snow data. The NRCS uses their extensive
network of snowpack observations along with other variables to produce water supply forecasts
using various statistical regression metleagls Principal Component anrdcore Rgressions

along with physically based madeRCS forecasts are typically issued at the beginning of each
month from January through June.

The RFCs produce shaerm streamflow nationwided seasonalater supply forecasts in the
Westusing hydrologand weather models. RFCs use snow monitoring data (mostly from the
NRCS’s networkpand data from other hydrometeorological networksne hydrology models

that produce subaily streamflow forecasts at numerous locations throughout a watershed. The
RFC hydrology models use equations that estimate physical processes over subdivisions of a
watershed based on elevation. Physical models like those used by the RFCs aatde more
intensive than statistical models, thoughalseyallow for streamflowrézastst different spatial

and temporal scales. Some RH€Isuse statistical water supply models to inform their official
water supply forecast.

Several other agencies across the West conduct their own water supply fotez&siifgriia
Departmenhof Water Resources (AWR) maintains grounaised snow monitoring and

produces water supply forecasts using statistical mé€hAdod/R’s groundasedsnow

monitoring is coordinated among Federal and State agencies, publiandiliteer cooperators.

The CADWR uses grounidased monitoring measurements to inform water supply fousessts
statistical regression methodsrtmpce their Water Supply Index and Bull?0 CADWR’s

forecasts, issued December through May, are widely referenced in the state and are the basis for
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water contracts and joint Fed&tlte water operations. In addition teIBAR, other agencies
actively engage in their own water suppdgdsting for internal uses

1.3.2. Water Supply Forecasting Benefits

Improved snow monitoring data offered by emerging technologies has potential to improve water
supply forecasts and water management outcomes by imghvvimgliness, accuracy, and
completeass of our understanding of snbmproved snow monitoring data offered by emerging
technologies camprove water supply forecasts and water management outcomes.

Water managers can use snow data directly in their daily operations, with greatefibeefit re

when snow data can be fully integrated into water supply foResetgoir operations and water
management often balance competing objectives (e.g., water supply, flood risk management
hydropower, environment, and recreation). Improved infomadtout future hydrology, in

precision and lead time, can support a more optimal operational balance for those objectives. The
sections below highlight benefits of improved snow monitoring and water supply forecasting to a
range of water management aheiotelated sectors.

1.3.2.1 Water Supply Reliability

Waer supplies atgpicallyallocated to users based on a runoff forecast, also called a water supply
forecastor a model simulation of reservoir conditions based on fuebastWater supply

forecastgan be highly uncertain, especially forecasts made early in the winter for snow dominated
basins where most of the snowpack has yet to accumulate. Enhancementsuplyédrecasts
associated with improved snow monitoring cam lbewvefits to water supply reliabdity

accuracyWith increased forecast confidence, it is possible to align allocations mote ttlesely
forecastwhich may provide the ability for managers to allocate mordatening of

allocationss alsoimportant decisions regardiogops to plant, the need to pursue alternate water
supplies, and other considerations benefit from greater confidence in earlier allocations. Further, for
reservoirsvith carryover capacity (i,¢here is potential for a significant amount of water to remain

in storage from one year to the next), improved water supply forecasts can support maximal fill
during the runoff season, which caotitease water carried over from one year to the next.
Additional carryover can mitigate conditions if the following yeaelbaaverage runotb

benefit water supply reliability.

1.3.2.2 Environmental Benefits

Reservoir operations and river flows are often regulated theneet¢ds of the environment.
Sometimeghose environmental needs are static, such as releasing a constant flow rate; but usually
environmental regulatory flows are proportional to the runoff. Accurate and timely runoff forecasts
informed by snow monitoring help assure that such regulat@hdesvthe most bendbit the
environmentas defined by water project’'s operating criteria or other considdtasiaesnmon

for these environmental flows to be released early in the season to aid in (degcyade®nwood
germination, silvgminnow spawning@r salmon returning from the ocean). Delays in runoff
forecasts or runoff underestimates can result in poor timing for these flows that can miss the
species’ window of opporturitgompounding the conflict between the environment and various
other needs and further threatening species.

Water suppliegenerated from snow are often crucial for maintaining suitabhateid-
temperatures. On many rivers, water releases to maintain a certain water temperaturetéor fish habi
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are closely tied with water volume available for other uses. Since snowmelt is the primary source of
cold water in many Western watersheds, snow monitoring is paramount fagmeateig
temperaturefor fish

As water managers learn to deal withatdimxtremes and shifting climate averages, critical decision
processes hinge upon the volume and timing of snowmelt runoff. Better water supply forecasts,

water temperature forecasts, and the timing of runoff are essential for raising the sudtainability o
water operations, helping ecosystems cope with climate change through managed water releases ano
flood flows, and generally improving the resilience of reservoir and river operations and

infrastructure.

1.3.2.3 Flood Risk Management

By impounding spring runofbif release through the summer, many resemadios|ly provide

reliable water suppbutalso provide flood risk reductidtiowever, managing for flood riskat

times be competing with water supply objecMaaataining significant reservoir storage capacity

for flood risk management can rediheelikelihood of a reservoir filling. Conversely, maintaining
higher storage volumes for water supply can lessapatsty to provide flood risk management
Improved knowledge of snow conditi@asinarrow the range @recastincertainty, allowing

reservoirs to operate more efficiently and better balance objectives such as flood risk management
and water supply.

1.3.2.4 Hydropower Benefits

Improvements in water supply forecasting equates to improvements in fuel supply forecasting for
hydropower generatiorard, more broadly, a better understanding of potential hydropower
generation, flexibility, and value. Dependn the power facility and forecasting timesteps,

improved forecasting couddiver a number of benefitsncluding optimized generation

scheduling and dispatch; refinedsaténg, outage and investment planning, power purchasing;
and reduced spills. In summary, improvements in water supply forecasting allows better
managmentand increasealue from hydropower facilities.

1.3.2.5 Groundwater Management

Groundwater has been used for mamtuies if notmillenniato supplement rainfall and surface

water supplies.r@undwatepumpinghas allowed agriculture to survive through periatteaght

or persistent ariditfhe sustainability of groundwater resources is closely tied to accurate and timely
runoff forecasts, which in turn benefits substantially from advances in snow monitoring. With
sharply increasing intesastmanaig groundwatesustainab)ywater managers now need to find

ways to recharge aquifdusing wet times so that groundwater remains available through future dry
times. Thus, water managers today are keenly interested in knowmgrevleater iavailable

than can be stored or diverted under normal operationforAcgstedvailable water could be

stored usingroundwaterecharge i water right for groundwater storage and reuse is established.

1.3.3. Other Benefits Associated w ith Better Snow Monitoring and ~ Water Supply
Forecasting

Advances in snow measurement andiaer supply forecasting have benefitwéviaty of
sectos beyond water managemé@attors that benefit from improved snow monitoasimgj
improved water supply forecaatdude:

11
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Food production. Food production in the Wesintributes significantly to regional and
nationalecononesand food securityhis high productiity depend largely on irrigation
and water supply. Improved snow monitoringnaatdr supply forecastan help growers
and producers plagarlier and with greater confideme®rming decisions suchvasat to
plantand how mangcre to put into production-er if theyneed to purchase feedduce
herd sizeor seek alteate water supplies.

Forestry. Snow cover is a component of understanding water availability in forest
ecosystems as well, which allows for better management of timber harvesting, forest health,
and wildfires. Additionally, data sometimes used to measure snow, such as lidar,
multispectral imagery, and weather stations, are directly useful for forest and ecosystem
management.

Tourism and recreation. SNOW measurement has value to recreation planning, including

the ski industry, rezational skiers, and snow motorsports as well as hikers, horseback riders,
and other backcountry activities. Snow measurement also informs avalanche risk
information, which supports safe wintertime recre&umuff forecasts inform a range of

river recrationactivitiesuch as kayaking, rafting, and fishing.

Transportation. Roadways and rail lines through mountainous areastbréo maintain,
particularly due to snow and related hazards such assraoifallalanchevieasuring

snow in and around transportation corridors helps maintenance planning and improves
public safetymproved water supply forecasting would also benefit navigation on waterways
that rely on knowledge of water supply to reguédts levels

Infrastructure planning. Aspects of infrastructuoperation and aintenancare informed
by runoff forecasts and flood frequeanglysefoth ofwhich benefifrom improved
snow monitoring. Examples incledteduling maintenance aodstruction or assessing
risk.

Wastewater treatment. Influent flow rate is an important parameter to help plan
wastewater treatment operagitmachieve stable effluent quality, identify capacityansks
develop alternatives to upgrade existing infrastructure. In some regionsltsnow
contributes to wastewater treatment influent flpaved thusbetter snow monitoring and
water supply forecasts nmnefitdetermining the influent inflow rate

Othersecondary effects, suchiaal area employmenften depend on tourism, food production,
and transportation—all areas that benefit from improved forecaststsgly, inaccuracy or
latency in water supply forecasts can hawesafeling and seldom qtified costs.

1.4. Federal Coordination and Partners

Monitoring snow and using sndata in forecasting applications span a range of fedkegate
agencieLonsistent with Section 4.3.c of the Act, Reclamation coeddwithta range adgencies
involved insnow monitoring and / or forecasting to devehipreport and will continue to do so
through Program implementatidgencies include:

12
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Department of the Interior (DOI) — United States Geological Survey (USGS)
National Aeronautics and Space Administration (NASA)

Department of Commerce (DOC) — National Oceanic and Atmospheric Administration
(NOAA)

United States Army Corps of Engineers (USACE)

California Department of Water Resourcesid/AR)

In addition to Federal and State snow monitoring efforts, a number centers and institutes conduct
important snow monitoring activities. These entities often focus on a specific region and encompass
research and operational monitoring aspects of snow science. Examples include the Center for Snow
and Avalanche Studies (CSAS) and the Central Sierra Snow Lab (CSSL).

a USGS

m US Army Corps
of Engineers.

Figure 3. Partner ageng logos.

13






Emerging Technologies in Show Monitoring

2. Ground -Based Technologies

2.1. Description

2.1.1. Scope

Groundbasedechnologies measure snow on the ground, usually at a single location or in a small
area. Measurements are typically made at predefined locations where measurements have been mad
historically, such as at automated snow and weather stations (e.g., SNOTEL and SNOLITE sites).
These @tionary measurements (smpw pillow/load cells snow cams, ather measuresnts

such as snow cousseneasure snow depth and S\AEmMonitoringsites such &NOTELS,

typical measuments includSWE, snow deptprecipitationand air temperatyras well as other
variableshat are measured concurrently, inclugindg speedsolar radiation, humidiggnd soil

moisture Mobile measuremetgichnologies (e,ground penetrating rad&PR or terrestriakiser
scanningTLS)) coveraslightly larger area kare not widely use8pecific technologies are

described in Appendix A.

Over the past century, groupasedechnologies have improved. The first snow measurements
were made by manuallyasering snow depth and SWE using snow tubes at permanent snow
course locations. Snow courses were typically visited monthly throughout the winter and remain
important as they providgormation abouhistorical trends in snowpaclewér developnres

and application®r groundbased technologies build upon these bassctalgaasure a slightly

larger area arpgtovide more effective maintenantleus improving the accuracy and range of
previous measurememks.technologies improved through the @ntuy, permanent automated
weather stations with snepwecific sensors wanstalledn remote locations wontinuously

measure SWE, snow depth, and other snow propéhese automated weather statioasy co
located with snow coursbsye operated faecades. This rich history of snow data is important to
providea long historicakecord which is widely used in operational water stgrelyastsBoth

manual and automated ground measurements must contend with extreme cold temperatures, rugged
terran, and other access limitations such as land ownership or wilderness designations.

Groundbasedechnologies vary wideBome technologies measure continuauslg other
measurements arede a few times during the winter, as they requérson to manlyameasure
snow variable$hough manual measurements can only be made a few times each winter, there is
generally high confidence in these measurements since a person can satidéde Remole
installedechnologies that measure continuosigbh as those at weather statioras/ have errors

that cannot be easily validadedorrectedror instance, snow pillows could produce bad readings
due to sensor malfunctioassnow bdging which may be difficult to diagnose remoSslpw
bridgingrefers to a condition that can resuérirficiallyiow snowmeasurementSensors placed
under the snow can estimate snow water coraead lon its weight upon the sensor. Occasionally,
snow or ice &y form a "bridge" over the sensor to the adjacent ground, preventing an accurate
measure of weighthough these automated weather stations may require careful qualitg control
identify and addressch issues in a timely mantteey are very useful as they help track the snow
accumulation through the wingrd melt through the runoff seasBontinuous measurement
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capabilities aitical in water supply forecasting as they provide usefubithdoron the timing
of runoff—rather than just the runoff volume. Grourased measurements are étabfor
verification and validation of other produbts model or remotely measure snow properties

In addition to differences in eaekbhnology’sneasurement frequency, technol@isesdiffer in

their complexityTechnology ranges from simple (e.g., snow markers that are photographed for
manual measurements) to complicggdsnow pillowinstalled below grade level that transmit

hourly data New grounebasedechnologiestand tamprove upon existirtgchnologiesr apply

existing instrumentation that is used in other fields to snow measurement applications (e.g., TLS and
GPR), though tlee emerging technolegare not widely used in operational water supply

forecasting

2.1.2. Applications in Water Supply Forecasting

Forecastinggencies rely gmownd-based snow measureriecations with a long historical record

to inform their predictions of water supply. The NRCS and other agrtiesthe CADWR,

collect manual snow measurementsrestalls and maintains automated weather stations across the
West Various Federal drbtate agencies use automated and manual snow measurements (along
with air and spadmsedneasurements discussed in the following sectiofyrmthe statistical

methods thallRCS and CAWR typically usdRFCs use automated weather station data to

develop forcings fdrydrology models that produce slally streamflow forecasts at numerous

locations throughout a watershed. Reclamation uses water supply forecasts produced by the RFCs
and NRCS to inform water management throughout basins in the West.

2.1.3. Challenges

e Maintenance and reliability: Many automated grouhésed snow measurements are in
remote areas that are difficult to acdassg the wintetf ground equipment is disturbed
or stops working, measurements won't be recorded until therviegt\ssit There are
potential issues with reliabititye to bad measuremertgy(, snow bridging or sensor
malfunction) or extreme cdliat may bdifficult to verify and can decreesefidence in
the sensordAs with any autonetmeasurement devices, a strategy to verify and to ensure
quality control is importar&s such, @encies that maintain these autonmatedtoring
stationgeview datasets dail§ing automatethgsthat typicallgatch erroneougadings
and through manuguality control techniquékhe ability toepairamalfunctiomg sensor
in a timely manner can depend on access, safety, and environmental conditions at the
location.

e Access and safety: Marual snowmeasurements are often conducted in remote locations
and under the demanding conditions of short days, steep agaianche dangaigh
altitude, cold temperatures, towering winds, heavy precipitation, low visibility, and deep
snow. Mairdiningautomatedtations facamany of these same diffities Despite these
considerations, manual measurements are still regularly coSimdeety, it is possible to
access automated stations in wiabert is more resource, lapand time intensive as
compared to summer

e Cost: Cost to set up a manual snow cousse®dest, withost to collect the data being
substanti®} higherover time Often, cooperators (land management aggiorase
reservoir operators, or othexderal agencies) bear the coshoiv course data collection.
Automated @mtions may cost over $100,000 to establish a new site in a remote leithtion
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annual maintenandepending largebn accessibilitfFor both manual and automated
stationschallenges includee continued cost of data collection and operation and
maintenanc@O&M), which often requires snowmobile or helicopter access and landowner
permission.

e Spatial coverage: Measurement sites oplpvide data for andividual location. Because
of this, asumptionsre oftermade on how a sitepresersta wider aredhis can cause
errors in water supply forecasts as there is high variability in snowaieested

2.2. Tech Summary

Table Isummarizegnportantgroundbased snow measurement technologies, and Appendix A

provides more detail for these technologies. It is noteworthy that many sensors have been developed
or tested fomonitoring snow or snow related parametdnis table offers a subset that

focused on characterization of the snowi,itggt applicatianfor water supply estimation and
forecastingexamples of snow technologies nauided are blowing snow sensors and snow
detectiorsensorsFurther, it is acknowledgedttimonitoringhydrometrological variables related

to snow(e.g., wind, ambient temperature, soilflieatand soil moistureimportant for

improved snovgciencand modelingutare beyoththe scope of this report. Lasiere have been

many demonstrations lodw an existing sensmrtechnology might be repurposed for snow

monitoring these concepése also beyond the scope of this report.

Groundbased snow technologies are invaluable for snow water supply forecasting. Snow
measurements at prescribed sites that have a rich history of data are routinely used for operational
water supply forecasting (e.g., the RFCs, NRCS, éD@/BRA Many gnend-based snow

measurement sites are in remote locations that either have automated technologies transmitting data
or require manual measurements. The remoteness of sites causes challenges with accessibility, safet
and reliability of the measurements. A continuation of these records, both from manual and
automated measurements, along with strategdwithg new monitoring, is necessary for accurate

water supply forecastgdditionally, these data are critical for grawttding other snow

measurements from other technologies (e.g., satellite antdasedgdroducts).

New technologies stand to provide more complete measurements of snow parameters. They can
provide new insights into the snowpack, including new ways to measure albedo, snow temperature,
and grain size, which are important for understanding the energy balance of the snowpack. With
continued research, these technologies will add to our knowledge and effectiveness at forecasting
water supply.
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Table 1. Ground-Based Technologies Summary

Technology Property Description Strengths Limitations
Name
Snow Courses | Snow Depth, Snow courses are locations where | Many measurement locations have a | Measurements require a person to physically visit a
and Snow SWE manual snow measurements are long history of snowpack location, many of which are remote and may be
Tubes taken during the winter using a information, which is vital to water difficult to access safely. They also povide data at
snow tube. Snow tubes or supply forecasting. There is high individual points in time , as measurements are only
samplers are specially egesigned confidence in measurements as they | made a few times each winter.
tubes that allow a snow core or are verified in-person.
profile to be extracted from the
snowpack, from which snow depth
and SWE can be ascertained.
Snow Pits Snow Depth, A snow pit involves digging a Allows for direct interaction and Digging a snow pit and making measurements of
Albedo, SWE, | trench in the snow, exposing a observation of the snowpack, and snow properties is a labor-intensive process.Data
Snow vertical profile of the snow pack for | layers. A variety of snow properties from snow pits are generally limited to a few point
Temperature, inspection and various can be measured/ documented, locations, with variable data temporal frequency and
Grain Size measurements. including dust/impurity layers. latency. These factors contribute to snow pit
measurements being largely used opportunistically
and qualitatively in forecasting.
Citizen Snow | Snow Depth Community Snow Observations CSOand similar efforts provide Community dat a vary in regularity and are often
Measurements (CSO0) is a citizen science projec more spatial coverage and possibly | measurements of opportunity. Data collected may
that provides a platform for the data in challenging terrain, making not necessarly be used for water management
larger community to upload snow these observations complementary purposes but more so for recreational uses, such as
depth measurements via to established monitoring sites. avalanche conditions. Further, it is difficult to know
smartphone apps that provide a the quality of community measurement s as there can
time and location of the be variability in practices from individual to
observation. individual.
Aerial Snow Snow Depth Tall vertical posts with horizontal Inexpensive and minimal Snow drifts can form around the post . Post can cause
Marker cross-pieces that can be read by maintenance. Effective at capturing | melting. Difficult to install in Wilderness Areas

aircraft passing at low altitudes.

show depth at high elevations and
inaccessible sites.

Readings require aircraft passes, which have
substantial safety and cost considerations.
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Technology Property Description Strengths Limitations

Name

Snow Pillow SWE Common technology used at Useful in providing continuous Operations and maintenance issues can occur and
automated weather stations (e.g., knowledge of SWE throughout the may be difficult to remediate during the winter.
SNOTEL sites), which uses a flexibleé accumulation and runoff season, There is a potential for bad readings (e.g.,due to
bladder filled with antifreeze to which is important for water supply show bridging or sensor malfunction) , which are
convert fluid pressure into weight, | forecasting, especially during the difficult to verify and decrease confidence in sensor
which is then converted to SWE runoff season.

Snow Depth Snow Depth Sensor uses ultrasonic pulses to Technology is low cost, extensively | Measurements can beimpacted during and shortly

Sensor measurethe distance from the used, and provides quality non- after snowfall.
sensor to the snow. This combined | contact measurements.
with the sensor’s height above the
ground provides snow depth.

Load Cell / SWE A series of flat panels assembled Avoids using anti-freeze in bladder. | Costto install is higher than snow pillows. May

Fluidless Snow on a rigid frame, which usesforce May reduce O&M compared to present issues with snow bridging across the primary

Pillow transducer sensors to measure the | snow pillows. Panels are relatively measurement load cells Technology is not widely
weight of snow, which is then small sections, making for used operationally.
converted to SWE. reasonable portability.

Gamma In-situ | SWE An instrument placed on a framed | Avoids using anti-freeze in bladder Calibration may be challenging to keep operating in
structure facing downward that and is not affected by snow remote environment. Technology is not widely used
measures energy penetrating the bridging . May have lessO&M than operationally.
snowpack. show pillows. Sensoris relatively

small with a larger area measured
than snow pillows.
GPR Snow Depth, Ground penetrating radar is an High spatial resolution; intermediate | Limited spatial and temporal coverage for basin-
Snow Density | instrument pulled behind a skier or | spatial coverage may be beneficial scale water supply forecasting Accessibility may be a

snowmobile that uses two-way
travel time of electromagnetic
waves in the microwave band to
identify boundaries in the

snowpack.

for specific local applications.

challenge. ‘Wet’ snow adds additional complexity
and introduces error in depth and SWE estimates
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Technology Property Description Strengths Limitations
Name
TLS Snow Depth, Terrestrial laserscanning usesan High spatial resolution. Intermediate | Limited spatial and temporal coverage for basin-
Snow Covered | instrument placed on a tripod that | spatial coverage. Portable and easy | scale water supply forecasting Snow compaction
Area uses lidar to measure an area to operate. during scans can cause errors in measurement;
without snow, then with snow, to expensive instrumentation.
calculate snow depth.
Net Solar A sensorthat measures the energy | A relatively simple technology. Limited spatial coverage. Can be affected by site
Radiometer Radiation, in the form of incoming and Useful for energy budget modeling . | specific considerations (e.g., trees)Dust and/or snow
Albedo outgoing short -wave and long- New applications for use in can obstruct the sensor causing erroneous
wave radiation from sky reaching measuring albedo. Estimation of measurements. Independent calibrations for each
the Earth’s surface albedo can support dust on snow deployed instrument can be difficult.
monitorin g.
Snow Snow An arrangement of temperature Continuously measured. Smple Not a robust network and relatively unknown
Temperature Temperature sSensors measuring snow technology . Impactful variable for variable. Qurrent forecasting methods do not have an
Sensor temperature at distinct elevations show energy balance modeling, easy way to ingest information. In-situ sensor can
within a snowpack. especially during the runoff season | introduce bias to the measurement variable.
GPSReceiver | Snow Depth A ground-based receiver records Measure a fairly large sensing area | Higher measurement errors than other devices High
GPS satellite signal reflected off Robust sensors require minimal initial cost. Difficulties when measuring at sites
the ground to measure the change | maintenance. surrounded by trees.
in ground elevation compared to a
no snow measurement.
Digital Snow Snow Density, | Snow probes estimate snow Relatively portable. Quick Indirect density measurements lead to larger errors,
Probes Snow Depth, properties by measuring the force | measurements allow for more requires calibration. Individual measurement covers a
other snow required to push the probe samples across an area. dequate or | very small area.
properties through the snowpack (e.g., snow high vertical resolution in the
penetrometers) or the capacitance | snowpack.
of the snow.
Cosmic Ray SWE A sensor measures the loss of Larger measurement footprint than Measurements require corrections to produce
Neutron energy undergone by naturally snow pillows. Easy to install. No accurate estimates Less accurate in deep snow.
Sensor occurring neutron as they collide antifreeze. Continuous

with water molecules in the
snowpack; this loss is then used to
estimate SWE.

measurements.
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3. Air and Space-Based Technologies

3.1. Description

3.1.1. Scope

Air and pacebased technologies use senbatscardetect different characteristics and
frequencies of energy (e.qg., visible light, microavevether bands electromagnetic enerdyy)
estimate different properties of sneg.( SWE, snow depth, snoaverageand grain size

Air and spacbased tdmologies for observing snow properties range from sensors mounted on
Uninhabited Arial Vehicles)AV), to piloted aplanes, to satellit€senerally, as the distance of
the platformfrom the ground increases, so does the area that can be oblesvesat,the

tradeoff isoften coarser resolution and sometimes reduced accuracy

Small UAV, referred to colloquially‘drones, fly close to the ground and capture relatively small
areasténs to hundreds of hectares per flightt) good spatial detail. Higgsolution photographic
imagery and lidamstrumentsaboard UAV are useddetermine snow depth. Similar sensors can
be mounted on airplanes to provide broader spatial coverage at slightly coarser résolution. T
Airborne Snow Observatory (ASO) methodqlbrgt developed &ASA’s Jet Propulsion
Laboratory (JPL) and now commercaibilableXSO, Inc.), combinedidarderived snow depth
with albedo estimates from an imaging spectrometer to modek#iyEhe iSnobal model
described in Section 4

Radar instruments can also be mounted on plarmegelAVsuch as BV Synthetic Aperture
Radar(lUAVSAR. UAVSAR is flown on a jet with a sophisticated autopilot Sysestimate
changes in SWE, while Glacier and Ice Surface Topography InterfenhSTEIN-A), its
counterpart that usadifferentradar band, provides snow depth. One disadvantage to airborne
instruments is that data are only available wisaptaforms are flowrand these platforms are

not yet flown fully operationally or regyld&tfforts to operationaliz&rbasedsnow mortoring
technology face challengesluding ongoing costs and flight planning that is limited to times and
places with suitable weather.

Despite decades of international effort, quantifying SWE from space continues to pose significant
challenge®\lthough sensor and processing advancements have improved over the last 40 years,
currently only passive microwadased SWE dagaie regularly produced—and these estimates are
limited to specific snoand site conditiorend are & resolution that is generally too cofarse

water supply forecasting in mountainous terrain. Ongoing research looks at combining different
bands of radar to overcome the limitations of individual sémrsgpacédased applicationsith

much attention gen to the upcoming NASWdian Space Research Organization BARAR

mission NISARincluded.-Band and -8and radar instruments and is set to launch later this
decadeOther international missioae alsainder developmenth& Cold Regions Hydrology
High-Resolution Observatory (CoReHRtt et al., 20)BAR mission from the European Space
Agencydid not receive authorization due to the reliability of retrieval algorithms for SWE in forest
cover and need for snow grain sigmates, whidre not gailable globallfhe Canadian Space
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Agency is exploring the use of a dual frequenbakdiradar mission and tBkinasponsored
Water Cycle Observation mission couttlidea suite of radanstrumentsuitable for snow
measurements.

Multiple sitellite missions do support the operatipraduction of other snow datasetssmo
notably fSCAnd albeddJnlike airborne approaches that are only flown on demand, satellite
platformsorbit the Earth and revig locatioron regular timescales of days to weeksating a
more continuous record.

3.1.2. Applications in Water Supply Forecasting

The most reliaplproduced satellite snow prodé®CA indicates the presence or absence of snow
and does not quantify snow depth or SWE independent of additional analyses such as the University
of Colorado eal ime patial stimates of SWhroduct (CUSWE) described the Technical

Appendix Operabrs can uséSCAto identifywhat areas of the watked have melted eut

providing acheck on remaining snowpdaét can be used to adjust model snow Skates
examplewater supply forecastach as those froMOAA’s RFCsdo not directlyise remotely

sensed information as inpuita typical model forecdseée the discussiof this model, SNOW/7,

in Section 4.12nd Appendix A)Forecasters use remote sensing informaiably the

Moderate Resolution Imaging SpectroradionM@D(S)-derived fSCA and albedo products, to
adjust forecasts when they begin to deviate frotintealonditionsResearch applications using
sophisticated snow models also use fSCA to constrain models when no other observations are
avalable, reinforcing the strength of satellite products for remote areas.

Airborne platformsuch as 80 collect remotely sensed informagamniglidarmeasurednow

depth and spectrometereasured albedand hae a workflow in place to provide SWE viathn
around times that are reasonable for operational usdorismal working group led by €AWR

guides ASO deploymeantCaliforniaproviding SWE datdo water managers in important water
supply basingncluding the Tuolumne, Merc&ain Joaquin, Kgs, and KawedRiverbasis. A

similar group recently formed to develop a plan for fuAd@yflights in Colorad@perators

indicate thathis information has improved decision making and the ability to balance competing
water demargdincluding power supply and environmental flows, as well as minimizing flood risks
Severafiroups have expressed interest in this technology basedbinty iis fill gaps in traditional
snow measurememtsng ASO data in operationaéter supply forecasts, such as RFC faesast
still an active area of development

3.1.3. Challenges
Different airborne and spalsased technologies have different chall¢sgeBable Zor more
information about each technologyscific strengths and limitatioi@jallenges may include:

e Accuracy: The accuracy of remotely sensed data can be influenced by many factors,
depending on the sensor, including:

o Cloud coversome sensors canmp@netrate cloud coveresulting in frequent data
gaps particularly in cloydegions.

o Vegetationsome sensors cantakte measurements below the pgrad all, while
others may have reduced accuracy in areas with dense vegetatspaches to
measurements or challenges in distinguishing vegetation from the ground surface (for
surface differencing techniques).
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o Snowpack properties (moisture conteatngtructure, and shallow or deep depths)
Approacheshat rely on interpreting the response ofreleagneticignat after
interacing with the snowpaakiust account fdnow the properties of the snowpack
influence the signal response.

o Topography (shading, resoluti@@nsors that rely on the passive sensing of sunlight
(i.e.,optical sensors) are limitegiadedreas

o Repeat imagery: many processing techniques rely on multiple collections over the same
location. Ensuring the obsedrgas are correctly and accurately located relative to each
other is critical for accurate measurements.

Ground verification: As with any measurement, and particularly witimaowial

measurements, vgiiigremote sensing datangortant to ensure quglcontrol. With

remote sensing, ground verification may also be needed to adjust for physical properties that
effect accuracy, suchsa®w structure, vegetatiamd terrain. Further, some retrieval

processes require grourmmsed measurements to correlate sensor signals to snow properties

Resolution: Thee is often a tradeoff between the spatial and temporal resolution of
remotely sensed data products. A@siaV/ aircraftjobservations tend to have very high
spatial resolution, on the order of meters, but temporal resollitiotedsto wherilights
can be madén contrast, satellite products have higher temporal freqoetioy order of
days to weeks, but a range of spatial resolution from tens to thousands of meters.

Spatial coverage: Aerial based products are limited in spatial coverage to the areas that can
be flown, whichare oftercentered around an aircraft’s ldsgperations

Temporal coverage (period of record): Many agraftandsatellitedbased products are
new, relative to grourimhsed measuremgnCurrently usedater supplyorecastnodels
often require calibration/training assessment of longer datasets to
ensurecorrectassimilatiotefore a product can be used operationally.

Complexity of retrieval algorithms: Remotely sensddtasets require a range of
processing methods to convert the sensed signfalrtoation about that snowpack. These
retrieval algorithms represent a range of complexities, fronmgaatregetation
appropriately in lidar point clougscombining multiple bands or repeat passes of SAR
instruments in a meaningful way

Cost: Costs for air andatellitebased technologiaseacombination of equipmeoépital
costs operation and maintenamosts data collectionosts andresearch costs to develop
data processing mettsod/hile similar types of costs exist in grduagkd technologies, the
complexity of air and spgulatformsoften come witlsignificantly higher udpant coss
before any benefits are realitéalvever, lhese costs aoftensharedor technologies may
takeadvantagef existing assethereby reducing or eliminating stsend userddany
satellite products are used for applications other than snow and water sectahdimiting
costs tgprocessing the existing datasioow productdircraftbased products, such as
ASO, are consideralidgs expensive to deptejativeto a new satellitbut the cost is
ongoing and often not shared across sectors. Smahd$a% observations are relatively
inexpensivand can be integrated into existingy#ograms that likely have lidar and
imaging sensqrbut large survey areas not realistic and would take many days tq cover
thereby increasing costs.
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Thus, adast cost analysis or cost effectiveness analysis would be required for each

technology considered to determine the benefits gained for the particular use of an aircraft

or satellite to gather data.

3.2. Tech Summary

Table Zummarizes thar and spaeeased technologies most
suitable for snow measurement to support water supply
forecastingAppendix A provides more detail for these
technologies.

Snowpack conditions vary within watersheds and larger reg
and sensors may be more effective in certain environngents
microwave sensors require similar, flat landscapes and are
accuatein areas with differing vegetation or uneven terrain,
where a lidar sensor would be more approphidtde there is
not currently a single sensor that can accurately measure S
across the diverse snoawvered areas of the world, thoughtful
use of & and spacborne sensors can provide critical

The great diversity in snowpack
characteristics (e.g., depthand liquid
water content) and cold regions
environments (e.g., forests, complex
terrain, and barren tundra) pose a
great challenge for measuring global
SWE. The international snow remote
sensing community has been active in
responding to this challenge and has
developed a number of snow remote
sensing technologies. — NASA SnowEx
SciencePlan

information to observe snow and support water supply forecasting.

Further coordination to include emerging snow measurementsiitote sensing programs and
leveraging advances in snow modeling and datdadiss could provide significant opportunities
for understanding SWE and other snow propefineshis snow information to be readily ugeful

water managers, water supply forecasting workflows must also evolve to use the spatially distributed

information In addition,ongoingsupport for these emerging observational platisrneeded so
that they magevelop long enough records to enialclerporation in forecast models.
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Technology Name | Property | Platform / Description Strengths Limitations
Product
Interferometric Snow NISAR An active remote sensing Radar methods do not require Retrieval of snow property data requires
Synthetic Aperture | Depth; (satellite- technology emitting energy that sunlight and can penetrate extensive processing and often
Radar SWE based L-Band) | interacts with the earth surface cloud cover. corrections including other observations

UAVSAR (AV
based L-Band)

GLISTINA
(UAV based
Ka-Band)

before being reflected back to the
sensor.Processing SAR data using
interferometry relies on correlating
a shift in the phase of the signal
between repeat passes to
determine a property of the ground
Or SNOW Cover.

KaBand INSAR usegepeat INSAR
passes to estimatechanges in snow
depth by differencing the resulting
surfacesand can be combined with
snow density modeling to estimate
SWE.

L-Band InSARdifferences repeat
passesbut directly estimates SWE
from interferometry.

Spatial resolution (e.g., NISAR
at 30 meters [m]) is good for
snow observations.

Kaband can be used in wet
snow conditions and in
complex terrain.

Ka-Band is on board the
GLISTINA aircraft, part of the
UAVSAR program and specific
flights can be requested
making it near operational .

to ensure reasonable accuracy
particularly in areas of deep snowpack
and vegetation.

Products are largely experimental and
show products are not yet produced
operationally. Even after deployment,
satellites will require testing and
validation (e.g., NISAR).

L-Band only provides estimates of SWE in
dry or nearly dry snow conditions (little
to no liquid water in the snowpack).

Temporal resolution of airborne products
(e.g., UAVSAR) is limited to flight time
while satellite products (e.g., NISAR) may
only be available every 6to 12 days.

INSAR retrieval techniques require repeat
passes of the same location, thus orbital
positioning control and precise geo-
location data are needed for accurate
measurements.
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Technology Name | Property | Platform / Description Strengths Limitations
Product
Synthetic Aperture | Snow Sentinel-1 An active remote sensing approach | Temporal (6 day) and With most bands, the approach is only
RadarBackscatter | Depth; (satellite- that estimates snow properties processed spatial (L kilometer accurate in dry snow and may require
SWE based C- from the backscattering response [km]) resolution of Sentinel-1 additional corrections or verification in
Band), of radar. Using different retrieval data are reasonable for some shallow snowpack, forested areas, or
SnowSAR, approaches, siow depth and SWE | snow applications. complex terrain.
SWESARR can be estimated from the
TerraSARX scattering response of radar Radar methods do not require

through the snowpack. SWE
estimates have been made using
multiple bands, or combinations of
bands of radar, such as K, X, and
Ku, while snow depth has been
estimated from Sentinel-1 C-Band
backscatter signatures.

Backscatterbased approaches are
also well suited for the detection of
the onset of snowmelt.

sunlight and can penetrate
cloud cover.

Sentinel-1 data processed for
snow depth are available
through the C-SNOW project.
https://ees.kuleuven.be/proj ect
[c- snow.
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Technology Name | Property | Platform / Description Strengths Limitations
Product
Lidar Snow ASO (aircraft An active remote sensing The ASO program provides Currently, no operational program is in
Depth -based) technology that uses laser response | flights and processing to place to ensure flight timing or
times to generate very high- generate SWE estimationswith | availability.
ICESat2 resolution maps of altimetry. Snow | minimal additional processing
(satellite- depth is calculated by differencing needed by the customer. Cost for flights is passed directly to the
based) show-covered and snow-free consumer, creating higher costs than
surfaces. This method can be With airborne deployment, technologies supported by other entities.
combined with snow density estimates can be made in
measurements or models to rough terrain and in vegetated | Instruments cannot penetrate cloud
estimate SWE. areas, if processed corectly. cover and are limited to suitable flight
days.
Lidar instruments are also mounted
on satellites (such as ICESaPR) but Satellite deployment is not currently
show depth products are not practical for snow applications.
currently available at the spatial
resolution needed for water supply
forecasting.
Passive Microwave | SWE, GlobSnow, Compares two frequencies of The period of record (40 years) | Satellite based sensors povide a coarse
Snow AMSR microwave energy passively is long enough to support spatial resolution (e.g., a 25km grid).
Depth emitted by the Earth’s soils and model calibration and

their change through the snowpack
to determine water content of
show. The time of response
through the snowpack provides
snhow depth, while the scattering
responseto snow provides SWE.

statistical approaches.

This approach is hsensitive to
atmospheric and lighting
conditions.

The inversion approach does not work in
mountainous areas due to uneven terrain
and the presence of deep snowpack.
The approach is also £nsitive to snow
properties such as grain size
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Technology Name | Property | Platform / Description Strengths Limitations
Product
Signals of SWE SNoOPI / The signals of opportunity Satellite leveragesexisting, This technology has not yet been proven
Opportunity Snow CubeSat approach use two sensors to detect | high-TRL components from space and requires extensive testing
Depth P-Band signals from reducing the cost of hardware and validation before operation al snow
telecommunications satellites. One | development. products could be available.
sensor measures the signal directly
emitted from the satellite and the Technique relies on signals SWE is only available directly in dry, or
other detects the reflected signal emitted by other sat ellites, nearly dry, snow.
from the Earth’s surface. The phase | reducing need to include a
change can be used to determine transmitter.
SWE for dry or mostly dry snow or
snhow depth for wet snow. P-Band can penetrate
vegetation and cloud cover to
sense SWE across weather
conditions and land cover
types.
Optical Sensors/ fSCA MODIS, Optical sensors measurevisible, These stellites are part of Only data from a clear day without
Spectroradiometer Landsat, near infrared, and short-wave established programs with clouds can be used.
s Sentinel-2 infrared energy to determine the broad support.
(satelliteswith | amount of snow- covered area. Vegetation also obscures the imaging
suitable Most satellites have either and must be accounted for in processing
imagery) good temporal (e.g., daily) or workflow.
spatial (e.g, 30 m) resolution.
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Technology Name | Property | Platform / Description Strengths Limitations
Product
Imaging Albedo ASO (plane- ASO measures snow reflectance Approach is suitable in wet or Same asoptical sensors, above.
Spectrometers based across visible and near infrared dry snow.
(continued) imaging bands using an imaging
spectrometer) | spectrograph (or “hyperspectral’
camera).Subtle difference in
MODIS Dust reflectance between discrete bands
Radative in the infrared can determine snow
Forcing in grain size, albedothat are used to
Snow constrain SWE modeling.
(MODDRFS

Hyperspectral, or measurements of
reflected light with a high

resolution of bands detected,
provide better estimates of albedo
and grain size due to the subtle
changesin reflectance. This type of
imagery can also measure SCAand
support energy balance modeling.

Similar approaches are used to
provide radiative forcing from dust
based on satellite-based
spectroradiometer data
(MODDREFS), although not currently
using hyper-spectral sensors.
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Technology Name | Property | Platform / Description Strengths Limitations
Product
Aircraft Gamma SWE NOAA Natural gamma radiation is Data from these flights are It can be challenging to collect data in
Radiation Surveys emitted from the potassium, assimilated into NOAA’s complex topography that limits ability to
uranium, and thorium SNODAS, which provides daily, | fly at the required low elevation.
radioisotopes in the upper soil gridded snow data.
layer. This radiation can be Natural radiation levels vary over time
measured from a low-flying aircraft | For some flight lines, there can | and must be continuously monitored ,
(500 feet above the ground). Each | be long data collection records, | requiring snow-off and snow-on flights
flight line is approximately 10 miles | in some cases going back to each year.
long and the 1980s.
1,000 feet wide. Water mass Sensitivity is reduced indeep snowpack.
(regardless of phase) in the snow In areas with high SWE, nearly all gamma
cover blocks a portion of the radiation is blocked, thereby limiting the
terrestrial radiation signal. The ability to differentiate between SWE
difference between radiation conditions greater than that threshold.
measurements made over bare
ground and snow-covered ground Spatial coverageis limited to flight lines.
can be used to calculate a mean Most flight lines flown regularly are
areal SWE estimate outside the West.
NOAA'’s aviation program capacity can
be limited by other priorities, such as
hurricanes.
Stereo Snow Pleiades, Photogrammetric imagery can be This approach relies onbroadly | Snow depth derived from stereo
Photogrammetry Depth WorldView, used to develop digital surface used imaging satellites satellite imagery, the focus of this
Planet models (DSM) by UAV, plane, or producing both publicly and summary, has a higher error than lidar
(satellites with | satellite. Differencing these DSMs commercially available estimates, but relatively low overall bias.
suitable between times with and without imagery.
imagery) show cover produces snow depth Correctly referencing the images to the

maps at reasonably high resolution,
depending on the how the imagery
is collected.

Able to be collected nearly on
demand due to simplicity and
prevalence of sensors needed.

same location is critical for accuracyof
this approach.
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4. Modeling Technologies

4.1. Description

4.1.1. Scope

Modeling snowonditions is a valuable coenpént tosnow measuremeniow models na

often integrate data from multiple soureag (hanual measurements, automatedsurements,
and remotely sensed snow data) into a single platfdrifi in the gaps between available data.
The results produced hodels are not diregeal)measurementsthey are simulated conditipns
and therefore models must be carefully applied and verified.

Models range iapproah. Physically based moslaim to represent the dynamics of snow
accumulation andelt throughout the wintéased on known scientific principles of energy and
masdluxes Satistical approachesy onhistorical relationshijpetween observed snow conditions
and various inpsitRegardless @pproach, models depend on observed data to calibrate and
validate the method.

Both physical and statistical models range in complexity. Factors related to complexity include the
model resolution (space and tiar& model sophistication. Increasnuglelsophistication and
employindiner spatial resolutisgan enhanaepresentation @how properties argpatial

distribution. This may improve the ability to model snow in the conterbéiftimingand

volume particularly under changifuture conditiongiowever, more sophisticated modedy

have input requiremerttsat may not be readily available for the area of interest at the needed
resolution or for a sufficiently long period of record. Furthermore, more complex models typically
have higher computational needs, which is an important consideration when viewed as part of an
operational forecasting workflodeccordingly, there may be practical limits to how much modeling
advancements can improve forecasting.

Inputsto snowmodels range consideralbiyt typically include meteorological data
(e.g.temperature, precipitation, and radiatoil)traits of thi&and surfacee(g., elevation,
orientation, and vegetatjoin some modelsnowobservationare a direct inpun other cases,

they araused to calibrate/trathe modebased on other inputs. The practice of adjusting a model
based on recent observations is often referred to as “data assimilation,” anccanplexity

based on the type of model and the data to potentially be assiMiild¢eassimilating

observations into a modeayrepresent snow conditions more realistidathust be done
thoughtfully with consideration flonpacs tosubsequent use of model outpot. example,
assimilating new snow observat@arscause a step change in the model’s con(htigmew data
will correct an erroneous or biased condition in the )hedeh though the actual conditions did
not suddenly change. In that case, if the model’srdoowation was being used to make a water
supply forecast, the forecast is likely to see a similar stepTiabggshe question dfdid the
water supply forecast improv&ithough the model’s previous snow information may have been
biasedrom the observations, if the water supply forecas@alilasted taccount fothe bias, the
“correcton” associated with data assimilatmmriddegrade forecast skdther than improve it
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Water spply brecasters must understandwioekings of underlying snow models to take
advantage of the technology.

Snowmodels argypically calibrated based on various inputssfeogidepth and temperatire

This process benefits frameasurements that have a sufficientlydengd of recorénd

consistent methatbges.Although new obseed snow (and other input) data sets may be of high
fidelity, incorporating these datag#ts amodelcan present challenges if dathefsame quality
cannotbe extrapolated back in timecordingly, usg new snovwobservationg snow models

(and water supply forecast modslan area of active and necessary research.

4.1.2. Applications in Water Supply Forecasting

Modeled snow data can be used direetyegia water supply forecast madpelt), to provide
situationatontexs for forecast adjustments, or to infaend users about the overall snowpack
situation as a congptent to water gply forecasts

The most widely used snow model in operational flood and water supply forecastimitéal the U
Satesis the SNOWL7 model used as part of the RFC hydrologic modeling pidigss a
relatively simple, physically based snow nideemodel imitiallycalibratedising snow
observationand models snowonditionghroughout the season using temperaiuoae

precipitation inputs; it does not dilgassimilate snow observatidngng the wintelTheRFCs’
hydrology model, the Sacrame®wd Moisture Accounting (S/ABMA)model is calilated to
forecast flow based, in part, on the snow condafd®dslOW-17. Accordingly, assimilation or
insertion of observed snow information into SNOMMay disipt the calibration between SAC
SMA and SNOWL7 andeduce forecast performance without further calibrations.

Nonetheless, incorporating obsermetior other modeled snow data products could enhance
performance. For example, precipitation estimations in mountainous areas can have considerable
uncertaintyand poor precipitation data can esklg affect the model’s snow information.
Observations or models that simutateditions based on observations can help to reconcile
disparities. Several efforts are currently underway to examine how assimilation of advanced snow
observations or outputoim other snow models into SNGW could enhance forecast skill.

In addition to SNOWL7, there are other hydrology modsid in the Uhited $atesand globally

that contairsnow submodels. Examples include the Precipitation Runoff Modeling System (PRMS)
developed by the USGS, andWeather Research and Forecabtyatyologic model (WRF

Hydro), which is the basis for NOAA’s National Water Model (NWM).

4.1.3. Challenges
Modeled datproducts have a variety of challenges associated witimttieding:

e Verification. Modeled data can be verified against observations. Howeeleded data
products are used provide information in places or at tinwbgre observations aren’t
available. Accordinglycén bdlifficult to know how a model is performing in remote or
high-elevatiorareasvhere observational dardifficult to acquire.

e Period of record. Modeled snow data products have widely differing periods of record for
their simulated conditiarShort periods of record, or longer periods of record that include
step changes associated with the underlying inp(e.dagatellitefan make usirtgese
datasetdifficult in water supply forecasting.
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e Operational readiness. As data science metlgdiccess to computing resources, and data
catalogs (e,gatellite dafamprove and growit is expected thatodeled snow products
will continue to expand. ldg these data in operational water supply forecasting continues
to be explored, but hinges on a variety of facdperational readiness and relialaitigy
crucialas brecasters and water managers need to be able to depend on the inputs to their
forecast and decision processes

e Access. Related to operational readiness, with the proliferation of snow, ek
modeled snow datand understanding nuances of eachv modetan be a barrier to use
Users of modeled snow datzed to carefully consider the limitations and inherent
assumptiomassociated with those da@onsolidated resource for snow information
documentation, comparison, and download could facilitate use of these products more
readily.

e Input requirements. Advances in snow modeliofen result in more sophisticated models
with more complex input data requirements. Finding suitable data to meet those
requirements in an operational application may not be trivial. For exanglews
models can simulate snow redistribution due to wind. This may be an important process for
improving the distribution of snptwt access to suitable wind data of sufficient spatial
resolution may be difficult.

e Accuracy. Snow models can vary in performance based on the model’s construct and how
well suitedt isto the geography and weather of a particular location at a particular time.

4.2. Tech Summary

Models can produce a wide varietsirolated snow conditions at spatial scales and temporal
frequentes far better than direct snow measurements. They complementthetironnd
measurements and are an ideal platform for incorporating the range of emerging snow measurement
technologes Models need sufficient calibration, ongoing validatiofreganént assimilation to

provide trustworthy data. More complex models tend to be able to integrate more types of snow
measurementandcan be more accurate, but require substantially smueces to operati€ey

limiting factors include computational powe availability of weather data inputs, and the time
necessary for skilled model operdtoreaintain and distribute model resUater apply

forecasts which have relied upon long dataygatally using automated SNOTEL stations

manual snow cours@smodels such as SNOW,need to be revised to take full advantatiesof

new generation asnowmodels and snow measurement technologies as they become available.

Snow measurements, snow models, and water supply forecasts are each link3irea chain
evolution of these tools shoulddenducted in coordination with one anethgnow models

should ccevolve with both monitoringchnologies and water supply forecast technolbyges.

is also a growing need gamftware tools that make acquiring weather data for model input and data
assimilation more efficiefitable 3 summarizes models most suitable for snow measurement to
support water supply forecasting.
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Table 3. Model Technologies Summary

models can include advanced processes such as wind
re-distribution of snow. iSnobal is an example of such
a model, developed by USDA ARS that characterizes
showpack conditions for each grid cell across a basin.
iSnobal runs at an hourly time step using input from
weather models and/or in-situ data with ability to
assimilate observationsand ASO data.lt has been run
from 2.5m to 1 km resolution, typically ~50 m.

to effectively assimilate remote
sensing observations. It has
good performance when forcing
inputs are properly calibrated.

Technology Property | Description Strengths Limitations
Name
GlobSnow SCA, SWE| Usesa data-assimilation based approach combining Available simulated conditions At a 25-km resolution, data are coarse
space-borne passive radiometer data with data from extend back to 1979. compared to many other spatially
ground-based synoptic weather stations. distributed snow products. Data are
limited to non -mountainous regions and
GlobSnow has difficulty in areas with wet
snow or a thin snow.
SWANN SCA, SWE| SWANN (Snow Water Artificial Neural Network) is a This method leverages existing | Performance varies regionally;spatial
Snow real-time, west wide, 4 km snow product. It assimilates | data and advances in data resolution limits ability to represent
Depth in-situ snow data from the NRCS SNOTEL network and| science.It has been used to complex topography and sub-grid
the NWS Cooperative Observer Program COOBP assimilate other data sources processes/ snow distributions. Input
network with modeled, gridded temperature and (e.g. lidar) in the Salt River weather data vary in accuracy baed on
precipitation data from Parameter -elevation Project domain to enhance the interpolation assumptions.
Regressions on Independent Slopes Model(PRSM). product.
SNODAS SCA, SWE| SNODAS(Snow Data Assimilation System)isa 1 km SNODAS is an @erationally Performance varies regionally. Has
Snow spatial resolution daily national product from NOAA . It | supported product, blends challenges in alpine/high elevation
Depth uses aphysically based,spatially distributed, energy- variety of data sources, and regions.
and mass-balance snow model to integrate snow data | provides range of snow
from satellite, airborne platforms, and ground stations | properties.
with output from the numerical weather prediction
(NWP) models.
Modern Snow | SCA, SWE| Modern snow models are physically based,and iSnobal provides high resolution | Requires intensive setup and calibration
Models Snow spatially distributed, which enables representation of characterization of a range of for new areas, computational requirements
Depth complex topography and mass/energy fluxes. These snowpack properties with ability | can be significant for larger

domains/higher resolution. iSnobal is not
yet operational outside of a few
watersheds.
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Technology Property | Description Strengths Limitations
Name
CU-SWE SCA, SVE, | This500 m spatial resolution product is typically This data product comes with Latency isabout 1 week from satellite data
Snow generated bi-weekly. It involves a datistical model that | summary report. It leveragesa acquisition. Quality/availability of satellite
Depth blends data such asMODIS snow covered area and variety of data sourcesand has | data can be impacted by cloud cover and
grain size (MODSCAG)physiography, SNOTEL, analog | flexibility to integrate other data | satellite angle. Error can be higher in
historical SWE patterrs. sources. situations with significant low elevation
show or when only very high elevation
snow remains.
SNOW-17 SWE SNOW-17 is a spatially lumped temperature index SNOW-17 only requires two Results can have liases associated witha

model that estimates SWE using observed
precipitation and temperature. It is u sed by NOAA
RFCsn conjunction with the SAC-SMA model to
produce their forecasts.

variables (temperature and
precipitation), which are readily
available.

temperature index snow model. In some
cases,manual intervention may be needed
to maintain realistic snow states The
lumped nature can make representing
complex topography challenging.
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5. Synthesis

5.1. Intro

By taking advantage of recent advances in snow monitdtergnokerstandingf seasonal
snowpackharacteristids possibleWith a range of tools and technmaeailablethe challenge
before water managers and forecaistégs®n developmg new echnologiesand more towards
selectig and applingthe most promising technologiBlsere is no single snow monitoring
solution to meet all needsaadh &isting ane@merging snow monitoring technolbgytheir own
strengtls and weakness through strategic maintenancadwption of multiple teaologieghese
traits can be made to complement one andtiesn selecting a portfolio of snow monitoring
technologies to invest in, consadien must be given tbhe degree to which they improve nhear
term and longerm water supply forecasts. In particular, techynmeglutiontémporal
/frequency of measurement and spatial)erage (temporal and spatial), reétddility, the variable
measuredhe cost, and finally the technology readiness levehfliRLYe considerethere are
additional technical considerationdetermining the best way for snow information to be
efficiently integrated into water supply foretlaatsare beyond the scope of this report.

5.2. Resolution and Range of Coverage

The temporal aspect various snow monitoring technology is a key consideration. This includes
how often the technology can produce @atg hourly, daily, monthlgjd the timespathat data
areavailableSnow characterigithat change quickdynd weather influences are important to
capture on finretimescaledigh temporal resolution suchhasirlyto daily), while characteristic

that change mosdowlymaybe measureat greater intervalurther, the desired frequency of a
measurement may vary over the course of a skasgnexamplepdng spring, when conditions
may be changing quickly, more frequent data may be desirable. Automated weathadstations
snow models atle types of snow monitoring technology most suited to genteajirent data
Methods that require manunaasurement, such as snow cours@ghere human piloting is
necessamgre better suited for generaless frequent daf@igure 4 A strategic solution would

have sufficient technologies measuring attinescaleto complement those technologies that are
deployed less frequerdly well asonsideing the period of record of the technolagg. temporal
coverage)Data havéeen collected atanuabnow courses some locationor decades or nearly

a centurySome satellite records of S{té available going bawker 20years, so loAgrmrecords

are not exclusive tow-tech toolsLongterm records are particularly imporfantalibrating

water supply modedsid can serve to “tie” different technologies together through a common
historical record.
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Figure 4. Snow measurement across time and space.

Recent advances in snow monitoring technologies have most strikingly improved snow
measurement’s spatial resolution and coverage. Whereas snow monitoring once relied upon
measurements at a few spot locations to characterize an entire watershed or mountain range, aerial
and satellite snow monitoring technologies can characterize snowpack over large areas. Continued
incremental improvements in technology are producing those wide coverages at finer and finer
spatial resolution. Most snow monitoring technclagie be deployed throughout the West,

akhough visual and lidar technologies are more constrained in areas with frequent cloud cover such
at the Pacific Northwest.

5.3. Reliability

The reliabilityf information produced is another key factor in creating snow monitoring networks
which are both robust and efficié®riow information which ssmulated by models is generally

(but not always) inferior to remaoteasurements of the snowpacid remote measuremeants
generally (but not always) iifeto direct measurements takerttoenground.
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Any snow measurement method which is highly automated and without validation has the potential
to produce information with lower reliabil@ften, snow measurement technologies with the

greatest spatialwgrage and spatial resolution require extensive validatigrowtibased
measuremesitobe reliable enough for water supply forecaStiog. measurement technologies

which retain high reliability shouldsbeght out or retained to verify technologies which may be

high resolution and efficient lareotherwise lacking in reliability.

5.4. Measurement Properties

SWEis the single most useful snow property to meastideasribsthe water volume thatirs

the snow. SWEan be measured directlymighing the snow oan be calculategingthe

product ofsnow depth and snow densityow depth varies considerably across the landscape,
while snow density varies less and can be quantified by fewer measSremmecbvered area,
indicating only presence or absence of snow across the larglsoaptimes used as a coarse
substitute for snow depth, SWE, and its constituents of depth and density. However, SCA only
describes the extent of snowpatk understand how the snow may persist or melt requires
additionainformation abouthe snow and weather. Snow temperatnoev reflectance (albedo),
grain size, and solar radiation provide additional information and validatmm ofode|s

dlowing them tsimulate current and future snow condition and thus better inform runoff
forecastsThere are many other potential measurement variables, but snow models and subsequent
runoff forecasts are most likely to useatiwve variables

5.5. Selected Emerging Snow Measurement Technologies

Through analysis and consultation with other Federalaama@encies, Reclamation has identified
ten emerging snow measurement technologies or technology prbaicése most likely to
improve operational watenply forecasting and yi@hproved water management at
Reclamation’s reservoirs, hydropower facilities, and water delivery(BybstedisThese selected
technologes are currently not yet in veipeead usand are at a mature stage of research and
development. Each is deployable across Reclamation’s regions, though the ideal mix of technologies
may vary regionally locally These emerging technologies daeywhce existing snow
measurement technologies such as snow courses and sngvityaligi their adoption could

result in existinmethods being deployed more efficiently. It is important to note that these
emerging technologies rely heavily upon tlsg@measurements and long historic records
produced by oldensw measurement technologies.
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Table 4. Selected Emerging Snow Measurement Technologies

Emerging Technologies Summary
Ground -Based Technologies

Air and S pace-Based Technologies

Model ing Technologies

Net radiometers measure erergy from the sun and heat from the ground, which informs snow
melt timing and can be used to improve snow science.

Snow temperature sensors measure how cold the snow is at various depths in the snowpack
which can improve predictions of snow melt timing and informs snow science.

Aircraft lidar (e.g. Airborne Snow Observatory [ASO]) maps snow depth and when coupled with
modeling, provides information on water held as snow.

Snow Covered Area (SCA) fractional Snow-Covered Area (fSCAmethods use satellite imagery
to map the portion of the land covere d by snow.

Satellite albedo methods use satellite imagery to measure how clean/dirty the snow is, which
has implications for how slowly/quickly snow melts.

Satellite stereo imagery methods use high-resolution pictures from space captured from
different p erspectives to construct a three-dimensional (3D) model of the Earth’s surface
providing information on snow depth.

Snow Data Assimilation System (SNODAS) is a National Oceanic and Atmospheric
Administration (NOAA) system that blends observations and weather model output to estimate
snow conditions across the United States.

Snow Water Artificial Neural Network (SWANN) estimates snow conditions across the United
States using a machine learning system that blends snow observations and estimated
precipitation data.

University of Colorado real-time spatial estimates of snow water equivalent (CU-SWE) uses
statistical modeling that blends satellite information with historical snow patterns and
landscape characteristics to estimate snow conditions.

Advanced snow models (e.g., i®obal) use physics to track finely detailed snow conditions and
can produce high resolution maps of basins or regions and can more easily incorporate data
from air and space-based technologies.

5.6. Technology Readiness Level and Cost

The maturity of a snow monitoring technology can be classified by its technology readiness level

(Table %. Reclamation reviewed a wide range of technotoglescrementally narrowsaitable
technologies to ones which could be deployed throughout the Wefecheareation operates
within a 5year time spaThis objective limited selected technologies to a TRardfigher The
TRL indicateshe readiness to deploy in snow monitoringobtge snow information in water
supply forecasts is ndptured in this TRassessment. Less maturkrielogies beavatching as
they may become worthy of investment
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Table 5. Technology Readiness Levels Definitions

TRL Definition

1 Basic principles observed and reported

2 Technology concept and/or application formulated

3 Analytical and experimental critical function and/or characteristic proof of concept

4 Component and/or system validation in laboratory environment

5 Laboratory scale, similar system validation in relevant environment

6 Pilot-scale system validation inrelevant environment

7 Full-scale system demonstrated in relevant environment

8 Actual system completed and qualified through test and demonstration.

9 Actual system operated over the full range of expected conditions.

TRL definitionsareadapted from U.S. Department of Energy’s Technology Readiness Assessment
Guide 2009.

Costs vary cormerably across technologies, based on a variety &f ifadtatingbut not limited

to: how the data are collected, their spatial/tempoeat,end the level of processing complexity
It is oftenthe case that operationally, technologies are deployed in bundles. The table below
provides cost information regarding both individual technologies and common technology bundles.
It is important to note that cost comparisons between technalogiestechnology bundles can
be challenging due to the differences in spatial and temporal coversmadegsts are for a
single measurement, others are for a station that reports measurementa Boorg/Lases, snow
products leveraggvernment investments in meth(edg., researchhd data (e,gatellitg). As a
result, these products themesslinay be frem lower cog to usersas compared to the full cost
development and deploymdntparticulardevelophg emerging snow monitoring technologies
often depends on data from existing snow monitoring networks, which have their. tnvn cost
Table 6 coss areestimate as‘user costs’and do not attempt to quantify underlying investments
that may be leveraged.
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Table 6. Technology Readiness Levels and Cost
$ =0 - $5k, $$ = $5k - $25k, $$$ = $25k - $100k, $3$$ = $100- $250k, $$$$$ = $250k+

Technology

TRL

Initial
Implementation
Cost?!

Annual
Operating
Cost?

Notes

Net
Radiometer

$$

$

Cost isto add sensors to 6 existing monitoring station s with telemetered data, reporting hourly. Initial
cost is for sensor purchase and installation, and the annual operating cost is for additional site
maintenance, quality assurance/quality control (QA/QC), etc. 6 stations is amedian estimate of the
number of SNOTEL stations in a 1000 — 1,500 square kilometer (sq km) basin. Actual numbers will vary
from basin to basin. This also assumes that existing stationssites are suitable for a radiometer;
additional costs may be incurred if new stations/sites are needed.

Snow
Temperature

$$

Cost is to add sensors to 6 existing monitoring station s with telemetered data, reporting hourly. Initial
cost is for sensor purchase and installation and annual operating cost is for additional site maintenance,
QA/QC, etc.6 stations is a median estimate of the number of SNOTEL stations in a 1,000 4,500 sq km
basin. Actual numbers vary from basin to basin.

Aircraft Lidar

$88$

PS8

Cost is for aircraft based lidar surveyof a 1,000— 1,500 sq km basin, coupled with snow modeling to
provide 3-meter spatially distributed SWE data.Initial cost is for the required bare ground survey and
annual operating cost is for three surveys with snow and associated data processing The assumption of
three data collections per year per basin is based on anecdotal evidence that it can be beneficialto
survey early, peak, and late snow conditions.

SCA/fSCA

$to $$58$

$to $$$

Cost is to acquire or produce SCA/fSCAdata for a 1,000 — 1,500 sq km basin.Currently, several SCA/fSCA
datasets are operationally produced and available to end users at no cost. Costs associated with
producing these data are born by various agencies/programs. For example, MODSCAG is freelpvailable
for the West on an approximately 8-day repeat cycle (subject to image acquisition) at 500-meter
resolution. Operationalizing promising new SCA/fSCA datasetgimproved resolution, sensors, and
processing methods) would likely have additional initial costs and may have higher annual operating
costs if imagery must be purchased. Note that initial costs associated with operationalizing a new

dataset would likely facilitate broad geographic application of this technology (i.e., additional locations
would incur a significantly lower initial cost). Alternatively, there may be opportunities to acquire
SCA/fSCAvia the private sector. Such costs are beyond the scope of these estimates.

1Costs are best estimates based on information available. Actual costs may vary based on a number of factors including but not limited to:
location, scale, and changes in technology
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Technology

TRL

Initial
Implementation
Cost?!

Annual
Operating
Cost!

Notes

Satellite
Albedo

$to $$5$$

$to $$$

Cost is to acquire or produce satellite snow albedo data for a 1,000— 1,500 sq km basin.Currently,
operationally produced satellite snow albedo data are available to end users at no cost. Costs associated
with producing these data are borne by various agencies/programs. For example, MODDRFS s freely
available for the West on an approximately 8-day repeat cycle (subject to image acquisition) at 500-
meter resolution. To operationalize promising new satellite albedo datasets (improved resolution, sensor,
and processing methods) would likely have additional initial costs and may have higher annual operating
costs if imagery must be purchased. Note that initial costs associated with operationalizing a new

dataset would likely facilitate broad geographic application of this technology (i.e., additional locations
would incur a significantly lower initial cost). Alternatively, there may be opportunities to acquire satellite
show albedo via the private sector. Such costs are beyond the scope of these estimates.

Satellite Stereo
Imagery

$to $$$$$

$to $$$

Cost is for producing snow depth across a 1,000- 1,500 sq km basin using stereo imagery techniques. At
this time, satellite stereo imagery methods are not operationally used to estimate snow depth.
Workflows exist that could be leveraged but would require refinement and support for an operational
show product. Thesecosts are reflected by the higher end of the initial cost range. Note that such an
investment would likely facilitate broad geographic application of this technology (i.e.,additional
locations would incur a significantly lower initial cost). Annual operating cost reflects acquiring and
processing data. The range of operating costs acknowledges that in some cases freely available data may
be suitable, but in other cases, conmercial data may need to be procured. Alternatively, there may be
opportunities to acquire snow depth via the private sector as stereo imagery techniques used by
commercial satellite companies could likely be adapted to this application. Such costs are beynd the
scope of these estimates.

SNODAS

Cost is to acquire SNODAS SWE data for a 1,008 1,500 sq km basin.SNODAS data are produced daily
for the United States and are freely available from NOAA NWS National Water Center (NWC)and via
National Snow and Ice Data Center(NSIDQ. NWC is supported by appropriations through the NWS.

SWANN

$to $$$%

$to $$$

Cost is to acquire SWANN SWE data for a 1,008 1,500 sq km basinSWANN data are produced daily for
the contiguous United States by the University of Arizona, supported by a variety of projects/sponsors.
In some regions, SWANNhas been enhanced with additional data. The initial cost range reflects using
the data as produced currently or investing in regional enhancements.
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Technology TRL | Initial Annual Notes
Implementation Operating
Cost! Cost?
CU-SWE 7 $to $$$$ $5$ Cost is for operational production of CU-SWEat a regional scale (e.g, Upper Colorado River Basin)for an
entire snow season Data and reports are generated approximately twice a month over the snow season
Initial costs are low in basins where CUSWEis already produced. Expansion to new basins may have
additional initial costs.
Modern Snow | 8 $to $5$$$ $to $$% Cost is to implement a modern snow model in an operational forecasting workflow. A number of

Modeling

modern snow models have various TRLsMany, such as the iSnobal model,are the result of government
sponsored researchand are freely available Adopting any new model (even freely available) will come
with initial costs to implement and train staff. Severalfactors will impact initial costs, reflected by the
range. For example, the higher TRL and better supported the model is, the lower those costs tend to be.
The scope of the deployment is also impactful; while some efficiencies may be gainedin a multi- basin
implementation , there is still likely significant work to establish the model in each new basin. Once
implemented, these models may have additional annual operational costs as compared to legacy tools
as they may require more advanced computing resources andadditional data storage.
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5.7. Conclusions

Snowpack volume and smoelttiming area major source of operational uncertainty at
Reclamation facilities throughout the Westhiologies and products to measure kv
variablesnore accuratelgt higher resolutions, awith greater coverabaverecently emerged
Several othese are undergsanccould improve water supply forecasts. Astjer Feeral

agency charged with managing water siggelvoirs, hydropower facilities, and water distribution
systemsReclamation hagkar role in bringing mature snow monitadgnologies to bear for
broader use in forecasts across the. Wstugh analysis and coordination, Reclamation has
identifiedten welresearched snow monitoring technologgthy of consideration for
deploymenbverthe nexb years

Deployment oemergingechnologies should lredooperation with existiggoundbased snow
monitoring effortsywhich are o€ritical value for verification and calibratibnewtools Through
consultation anexperience, these emergingw monitoring technologiesn bestrategically
deployed to produce a robust and efficient snow monitoring nefiwer&arlier these technologies
are deployed, the longer the period of record prodinceeasing the valueftmecastingThe data
produced by these technologies are also foundational for the advancement of snoywhitheling
has so far been limited fgyatively spag snow infamation.The precisemix of emergent

technology will vary geographicallyiarrdsponse to the parallel depment of operational water
supply forecasts.

Manysnow monitoring technolegthat are not discussed in Sechistll havepotentiako

advancevater supply management once they mature. Trac#iiog nurturingthese nascent
technologies is importagnen if those benefits may not be realized in the next 5 years. In addition,
the adopbn of emergent technologies doesraedtice the continued need fortbeground snow
measurements. Such legacy measusgmande a longerm record whichre foundational to

snow science and serve as verification and calibration of many emerging snow monitoring
technology.

Advancements in snow monitoring nesetmultiple purposesvhetheibeing directly usable by
watermanagerspurring further research and development, or being integrated into water supply
forecastsContinued advancements in weather fossmadtseasonal climate forezast necessary

to fully realize improvements in water supply foretast®are remaining challenges in integrating
new types of snow data into water supply forebésss efficient seof snow monitoring

information into water supply forecasts will required the creation of coordinated pipelines where
data can floland be eadily integrated@his synchronization will requéehanced coordination
between agencies dretleral leadership to guide efforts
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6. Implementation and Federal Coordination

Consistent with the AdReclamatids development of this report has been cdaduc

coordination with Federal and other paradgencies.opics of coordination included review of
snow monitoring technologies, the use of those technologies in water supply forquasgggrand
implementation. Among the sewagencies engagétere is strong consensus that the emerging
technologies identified in Section 5 are currently-usatem water supply forecasts and that with
support from the Program, have strong potdaotehhance water supply forecasts in the next 5
years. Furtharore, there igptimism forother new snow monitoring technologineg are likely to
mature over the next decade. Theadsa recognition that the Program is tjriedtands to
provide multip# benefitssupport for implememtg emerging technologjeoordinton on agency
activities related to snow monitoring and forecasting and overcoming structural bamgrs to us
new technologies in forecasting workflows. As such, a Partner Agencyvlidumédrmalized as
part of Program implementation. Thau@cilwill initially becomprised ofepresentatives from
Reclamation antieseveragenciesnggedfor the drafting of this report to provide a forum for
coordinating snowactivities and building a pipeline for moving emerging technologies into
operational water supply forecasts.

6.1. Partner Agencies

As discussed in Section Bnyagencies have a role in snow monitoring technology development
deployment, and use in water supply forecastingh points to the importance of robust
partnerships for the Program to have thgimum impacihe following summarizagencies that
have been engagdough development of this repartd describes their role(s) in snow
monitoring, forecasting, and water management

6.1.1. Natural Resources Conservation Service

The USDA's NRCS operates the Snow Survey and Water Supply Fe8\&&fERrogram, which

is jointly administered by 12 Western NRCS state offices and the NRCS National Water and Climate
Centerlts snow survey component is the primary snow data network in the West with over 1,700
measurement sites including SNOTEL and SNOLITE stations, manual snow courses, and aerial
markerslts forecasting component is the largest stlmd operational system in the West, issuing
water supply forecasts at 08@0 locations, primarily using statistical methods, locally

complemented by physlegsed models, with a forthcoming migration to an artificial inteligence

based system.

6.1.2. Agricultural Research Service

The USDA AFS conductsand transfers research to address high priority issues for national food
supply and the environment. Within ARS, a number of Watershed Research Centers investigate
biophysical topics, including a substantial line of research on snow measurementraypcAR8deli
develops the iSnobal model as well as various methods of snow water supply forecasting, with a
focus in mountainous areas.
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6.1.3. National Oceanographic and Atmospheric Administration

NOAA is home of the NWS, which operat8RFG across the tlted Stagsthat produce

operational streamflow forecasts which focus on river flow and water supply forecasts for their
specific region. RFC predictions are based on tightly coupled models of snowpack, soil moisture,
hydrology, and future weather to inform wateply management, flood management, and
hydropower operation. RFCs frequently collaborate with their data users, including many Federal
partners such as Reclamation.

6.1.4. United States Geological Survey

The USGS has a history of monitoring, modeling, and studying snow papeisiegell known

for their longterm network of stream gauges that are critical forsmaay forecasting. The

USGS operates the Earth Resources Observation and Science (EROS) Center, which maintains a
large collection of sateHiiased imagery products. Together with NASA, the USGS operates the
Landsat satellite program, which generates fractionai®rered area products.

6.1.5. National Aeronautics and Space Administration

NASA is the United States’ civil space program that conducts research and develops technologies,
both for space exploration and for earth observation. Operational snow products include snow
covered area mapsd radiativéorcing productdNASA sponsors the SnowEx program to advance

the capabilities of snow remote sensing by testing airborne and on the ground sensing techniques
with a goal of mapping global SWE as part of a future snow satellite mission. NASA’s Western
Water Application Office (WWAOQ) works to identify decision making needs of water managers and
builds partnerships to address those needs.

6.1.6. United States Army Corps of Engineers

USACEhas a variety afissionsacross its civil and military business areas. The USACE has a civil
works footprinthat spanghe Lhited Stategnd it has presence supporting military operations

across the glob&he USACE operates the Engineer Research and Development Center (ERDC), a
Department of Defense supported consortium of seven sister laboratories, taeseahat into

ice, snow, and hydrology. Each laboratory focuses on a different aspect of civil and military
infrastructure, and each provides unique insights into snow behavior. Those with a primary focus on
snow include the Cold Regions Research amaelgrngg Laboratory (CRREL) and the Coastal and
Hydraulics Laboratory (CHL). In addition to the ERDC, the USACE operates the Hydrologic
Engineering Center (HE®Yhich produces modeling tools used broadly across the water
management community.

6.1.7. State and Ot her Agencies

Partnering efforts between Federal, State, and private agencies have established the successful use ¢
snow measurements through various technologies for runoff forecasts over the last century. These
cooperating agencies not only share agpeaslpert staff but share in funding programs which

collect, analyze, and disseminate snow data throughout th&nvégample of the

Federal&ate/local cooperation is the California Cooperative Snow Surveys (CCSSwbricgram

is a statewide program of more than 50 Federal, State, and private agencies and was established in
1929 by the California State Legislature. THBWR is the lead aggnin coordinating the CCSS

program and produces the Bulletin 120: Water Conditions in Caliboec@sEsvhich both State

and Federal water managers rely upon for coordinated opeCatiéorsia is the onl/estern

state to perform this function on its own. In the other Western statéR@seonducts snow
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measurements and snow surveyprogram that began in the m@80s. The CCSS and the
NRCS programs have a highrdegf cooperation between the two entities.

6.2. Partner Agency Coordination Activities

Throughout the development of this repodordination has occurred with the agerisiesl in
Section 6.1ncluding internally at Reclamaten withotherinstitutionanvolved in advancing and
using snow measurement technology. Specifically, coordutatitesshave included:

Held nternal Reclamaticorientation to the new Program and establisheztlarfation
Advisory Panel for this repantMarch2021

Conducted partnegancy Rogram orientation meetsig March2021

Engaged partner agerscto assist in reviewing neternal Reclamation snow projents
March 2021

Provided update to Reclamatiatvi&ory Panel in June 2021
Provided individual partner agency update and feedback meetinggd@1June
Solicited inputrom partner agencies specific snow monitoring technologireduly 2021

Held a multagency meeting in July 2021 to solicit feedback on technologies and to discuss
process for next steps

Engaged artner agefes toreviewa draft of tis reportin Septembe2021

6.3. Partner Agency Review of Emerging Technologies

Through meetings and written feedback, partneregenavided inpudn the teremerging
technologies identified in Section 5, their potential use in water supply fore cgsist,casitc
efforts underway related to those technologjigsmmary of this feedback is listed below

No red flags or fatal flawere raisef the tenemerging technologies identifire&ction
5.

Under this report’s definition of emerging technol@igieised use in operational water
supply forecasting and sufficiently mature with potenimaptove water supply forecasts
in the 5year program horizon), no additional technologies were recommended for inclusion.

Considerablactivities related to technologies identifieddatidh 5 are underway at partner
agencies. Examples include:

o NOAA'’s Colorado Basin RHt@&as and iexploringhe potential for the following
technologieto enhance their forecasts

MODSCAG
MODDRFS
- SNODAS
iSnobal
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- Aircraftlidar snow surveysd derived SWE products
- CU-SWE
- SWANN

o USDA NRCS is deployirglditional snow monitorirsgnsors at existingsau
locations. This effors in collaboration with Reclamation and USACE, and includes the
following emerging technologies identified by this report:

- Snow Temperature Profile
- Net Radiometer

o USDA NRCS is collaborating with both NASA and Reclamation to test the use of
satellitedbasedand airborne data as predictive inputs for improved machine {earning
based water supply forecasts.

o USDA ARSis continuing development of the iSnobal model, including coordination
with to NOAA’s Colorado Basin RFC'’s efforts related to iSantaupporting an
iSnobal pilot at GBWR.

o CA-DWR is investigatirtgow aircraft lidar snow surveys and derived SWE products
can besinformtheir statisticdulletin 120 Water Supply ForecastsiSnobal model
pilot project

o USGS haplanned nevis-siz« snow monitoring for the Colorado Headwagtédos
location of theiNext Generation Water Observing Syste@WOS) These
monitoring stations may include

- Snow Temperature Profile
- Net Radiometer

o NASA continues the developmentiofaad spacbasednow remotsensing
technologiethrough a variety of campaigns, including Snomitiof) leverages:

- MODSCAG
- MODDRFS
- Aircrdt lidar surveys argerived SWE products

o NASA'’s Land Information SystghlS) is a software framework that enables users to
drive multiple, land surface models with a variety of different meteorological forcing
inputs and other configuration optiofke system has the capaoitgssimilate a
variety of satellite and other observatidhas, it may senas testbed for evaluation
of new information in snow modeling.

Consideringhesenumerouselevantctivitiesat partner agencies, thisran opportunity for the
Program to serve aoordination forum broadly amorggéncies pursuing improved snow
monitoring and water supply forecastimguRragency coordinatioran facilitatéeveramg other
agencieglctivities and investmentdich can enhangeogram impacté&gency coordination can
also support mechanisms and standards for awareness and access toSimaxngatperiences
and practices ama@n help streamlirgperationalization of emerging technolo@issussion
between snow monitoring efforts, water supply forecasters, and water managees can f
opportunities fointegréing emerging technologies into operational forecasts
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6.4. Looking Forward—Program Coordination Process

The Rogram’s objective ohproving snow monitoring and water supply forecasearly of
considerable interest to many agencies and entities. Implementing emerging technologies requires
thoughtful planning to effectively use the data collected in models and water forecasts

To this end, coordinatianill be formalizediathe creation o PrgramPartner Agendgouncil

to initially include the partnagencies listed ir@ion 6.2, with flexibilitp expand aseeded. The
Council willmeet regularlgnd bedesigned to facilitate coordination of Program implementation,
which will include

e Providng an awareness of agency activities

e Facilitaing partnerships on projects and topics of mutual intel@&ragingurrent and
future investments

e Developng mutual underandings for potential uses for traditional and emerging
technologies

e |dentifying needs, gaps in monitoring and understanding, and barriers to using technologies

e Establising effective pipelines for intetying emergingechnologies intoperational
forecast
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Attachment : Snow Water Supply Forecasting
Program Authorization Act  (Public Law 116-
260 Section 1111)

1. Short title

This Act may be cited as theow Water Supply ilecasting Program Authorization.Act
2. Definitions

In this Act:

(1) Program. The termrogranz means the Snow Water Supply Forecasting Program established
by section 3.

(2) Reclamation State. The teRedamation State means a State or territory described in the first
section of the Act of June 17, 1902 (32 Stat. 388, chapter 1093; 43 U.S.C. 391).

(3) Secretary. The terfarerary means the Secretary of the Interior.

3. Snow water supply forecasting program

(a) Program establishment. The Snow Water Supply Forecasting Program is hereby established
within the Department of the Interior.

(b) Program implementation. To implement the program, the Secretary shall

(1) develop the program framework in coordination with other Federal agencies pursuant to
section 4¢ulminating in the report required under section 4(c); and

(2) after submitting the report required by section 4(c), implement activities to improve
snowpack measurement in particular watersheds pursuant to section 5.

4. Development of program framework in coordination with other Federal agencies
(a) Snowpack measurement data

When determining water supply forecasts or allocations to Federal water contractors, the Secretary,
acting through the Commissioner of the Bureau of Reclamation, shall incorporate, to the greatest
extent practicable, information from emerging technologies for snowpack measuremeant, such as

(1) synthetic aperture radar;
(2) laser altimetry; and

(3) other emerging technologies that the Secretary determines are likely to provideateore accur
or timely snowpack measurement data.

(b) Coordination

In carrying out subsection (a), the Secretary shall coordinate data use and collection efforts with other
Federal agencies that use or may benefit from the use of emerging technologies for snowpack
measurement.

(c) Emerging Technologies Report
Not later than October 1, 2021, the Secretary shall submit to Congress a report that
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(1) summarizes the use of emerging technologies pursuant to this section;

(2)describes benefits derived from the use lofiddmgies summarized under paragraph (1)
related to the environment and increased water supply reliability; and

(3)describes how Federal agencies will coordinate to implement emerging technologies.
5. Program implementation
(a)Activities implementing freework

After submitting the report required under section 4(c), the Secretary shall participate with program
partners in implementing activities to improve snowpack measurement in particular watersheds.

(b) Focus

The program shall focus on activities that will maintain, establish, expand, or advance snowpack
measurement consistent with the report required by section 4(c), with an emphasis on—

(1) enhancing activities in river basins to achieve improved snow and water supply forecasting
resuts;

(2)activities in river basins where snow water supply forecasting related activities described in
this section are not occurring on the of the date of the enactment of this Act; and

(3)demonstrating or testing new, or improving existing, snow anéwaly forecasting
technology.

(c) Information sharing

The Secretary may provide information collected and analyzed under this Act to program partners
through appropriate mechanisms, including interagency agreements with Federal agencies, States
State agencies, or a combination thereof, leases, contracts, cooperative agreements, grants, loans, ar
memoranda of understanding.

(d) Program partners

Program partners with whom the Secretary enters into cooperative agreements pursuant to subsection
(e) may idlude water districts, irrigation districts, water associations, universities, State agencies, other
Federal agencies, private sector entities, nongovernmental organizations, and other entities, as
determined by the Secretary.

(e)Cooperative agreements
The Secretary may

(1) enter into cooperative agreements with program partners to allow the program to be
administered efficiently and cost effectively through cost sharing or by providing additional in-
kind resources necessary for program implementation; and

(2) provide nonreimbursable matching funding for programmatic and operational activities
under this section in consultation with program partners.

() Environmental laws

Nothing in this Act shall modify any obligation of the Secretary to comply with applicable Federal and
State environmental laws in carrying out this Act.

6. Program implementation report

Not later than 4 years after the date of the enactment of this Act, the Secretary shall submit a report
to the Committee on Natural Resources anddmmittee on Appropriations of the House of

2
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Representatives and the Committee on Energy and Natural Resources and the Committee on
Appropriations of the Senate, that includes

(1)a list of basins and shhsins for which snowpack measurement technaogjilesing used
under the program, including a description of each technology used; and
(2)a list of Federal agencies and program partners participating in each bdsasior|sibe
in paragraph (1).

7. Authorization of appropriations

There is authared to be appropriated to the Secretary to carry out this Act $15,000,000, in the
aggregate, for fiscal years 2022 through 2026.
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