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Snow = Water
- Most precipitation falls as snow
- Annual peak in the hydrograph
- In the Western United States (U.S.) 80% of the annual discharge 

originates from snowmelt in the mountain watershed
- About 15% of the surface area of the basin contributes about 85% of 

the average annual runoff
- 70% of water at Lee’s Ferry, below Lake Powell, comes from 

Colorado
- Snowpack is natural reservoir & water towerWhy so critical?

– agriculture
– storage
– hydropower
– recreation
– municipal
– industry
– environment
– downstream compacts

Todays Talk
- Snow
- Measuring Snow
- Snowpack/Climate Trends
- Dust-on-Snow
- Modeling/Forecasting



Elevation

Precipitation

Temperature

Variability = 
• Mid latitude
• Intercontinental
• Elevation, topography



Snow Cover Distribution
Snowpack amount varies in space and time

20-45%
Greater Snow
Accumulation

• Elevation
• Aspect
• Wind Redistribution
• Vegetation and Tree Interception
• Topography







Snow Measurement

Snow Courses with Snow Tube

Snow Pillows, SNOTEL Stations

Snow Pits

• Precipitation 
– Snowfall

• Snow on the ground
– Depth
– Density
– SWE

Hydrologists are most interested in 
the snow water equivalent (SWE) 
of snow 



weigh sample, subtract 
weight of sample tube, result 
is SWE in inches of water



Idarado Snow Course







snow station data

snow course measurements
•  higher spatial representation/coverage

•  lower temporal resolution

•  statistics (compute variability)

SNOw TELemetry (SNOTEL)
•  lower spatial representation/coverage

•  higher temporal resolution

•  additional measurements collected 

Additional Considerations
• Relevancy to water 

professionals
• Public Understanding
• Accessibility
• Interpolation/Statistics
• Costs (financial, 
• human resources, 

instrumentation, 
maintenance)



Snowpack monitoring workshop for drought planning and Streamflow 
Forecasting:  Broomfield, Colorado.  September 9, 2015. 

http://wwa.colorado.edu/events/workshops/COsnow2015.html . Measuring and 
Modeling our Snow Water Resources

Presented by Jeff Deems & Noah Molotch

Center for Snow and Avalanche Studies 
Helping Fill the Monitoring Gap at Higher Elevations

Senator Beck   
Study Plot
12,186’ (3714 m)

Swamp Angel 
Study Plot 
11,060’ (3371 m)

Upper Colorado 
River Basin: 50% 
of streamflow is 
generated above 
9,843’ (3,000 m)

Upper Colorado River Basin: 
40% of streamflow is generated 
above all SNOTEL’s



Snow Depth & SWE from LiDAR
• Majority of SWE spatial variability due to snow depth
• Depth can be measured by differential elevation mapping

– collect snow-free & snow-covered data sets
• Apply obs/modeled density (SWE = depth * density)

LiDAR-derived snow 
depth, Colorado

(Deems et al., 2013)

ASO LiDAR-derived SWE

Airborne Snow Observatory (ASO)





Snow Water Supply Forecasting Program
Demonstration and Evaluation of a Cosmic Ray Neutron Rover as an Emerging Snow 

Monitoring Technology for Improved Water Management

Benefits of CRN Rover

• Provides SWE with a footprint not 
achieved by traditional in-situ methods

• Mobility allows data collection where and 
when it is most critical

• Rapid data collection (~1 minute)

• Highest sensitivity occurs when SWE 
observations are most important for 
runoff predictions (late in season)

• Cosmic rays produce high-energy/fast neutrons in the 
atmosphere. When these neutrons interact with hydrogen, 
their energy is moderated. CRN sensor passively counts 
epithermal/fast neutrons. Count is inversely proportional to 
the quantity of hydrogen near the sensor 

• Animas, Uncompahgre, and Dolores basins

• Wide range of accessible elevations and variable snowpack 

• Highly-instrumented Senator Beck Study Basin



Less Snow

WY2023

WY2019

WY2018

• In Western US over the last 40 years snowpack has diminished by 41%
• Snow season has become 34 days shorter on average
• In Colorado annual snowcourse data taken April 1st since 1959 show 

20-60% decline



2000 – 2017 1.4° F warmer

Studies indicate ~3-4% decline in annual 
runoff in CO for every 1° F of warming



Wolf Creek
May 2, 2019

Colorado Dust-on-Snow Program



Center for Snow and Avalanche Studies
Senator Beck Study Basin



Snow melt is driven by surface energy balance

Ground heat

Albedo
Shortwave radiation

Longwave radiation
Sensible heat/advection

Latent heat

Change in 
internal energy

Energy available 
for melt



……..Solar radiation (not air temperature) drives snowmelt!!



Dust accumulates on surface

April, 2009 May, 2009

Rabbit Ears Pass, Colorado

43 ppmw

52 ppmw

306 ppmw 406 ppmw

Effects of Dust-on-Snow
Snowmelt and River Forecasting

Dust-on-Snow Effects 
• Timing of snowmelt
• Rate of snowmelt
• Reduce total runoff 

yields

Silverton
April 3, 2013

Near Aspen
April 3, 2009



Longer growing season increases ET

Painter, Deems, et al., PNAS (2010)



May 9, 2013 – Hoosier Pass

May 10, 2013 -  Berthoud 
Summit

D8

D6

Dust-on-Snow Events are Extensive but Not Always Apparent



Colorado Dust-on-Snow Program
www.codos.org



Furthermore, it has been shown that variation 
in the rate at which river flows in the eastern 
portion of the Upper Colorado River Basin is 
controlled by variability in dust radiative forcing 
and not by variations in spring air temperatures 
[Painter, Skiles, Deems, and others]



Knowing the MAGNITUDE and TIMING/INTENSITY of 
snowmelt runoff requires knowing

SNOW WATER EQUIVALENT & SNOW ALBEDO

Controls on Snowmelt

Landscape-Scale Dust Deposition

May 31, 2008 May 18, 2009

Dust-on-Snow



Wolf Creek Pass



GOES

Moderate Resolution Imaging Spectroradiometer

MODIS image
April 3, 2009
Northeastern Arizona

Dust from NE Arizona is 
deposited on Colorado 
mountain snow cover May 2009

May 2008

Dust from the southern Colorado 
Plateau—the biggest dust source 

today in the U.S.



Statistical water supply 
forecast
• e.g. NRCS
• Q = ƒ(SWE)
• Regression based
• Relates winter/spring SWE obs
to spring/summer streamflow
• Calibrated to years in 
period of record

Temperature index 
runoff model
• e.g. CBRFC; SAC/SNOW-17
• Q = ƒ(SWE, Tair*melt factor)
• Calibrated relationship between air 
temperature and snowmelt 
• Calibrated to observations

Snowmelt & runoff simulation & forecasting

Physically-based 
hydrology model
• e.g. WRF

• Common research

Both methods assume 
calibrations apply to 
current conditions 



Colorado Basin River Forecast Center (CBRFC)
Snowmelt Forecast Errors and Dust

• West Gulf RFC: Do not make 
adjustments based on dust 
observations.  

Model Sim Q

Recent Obs Q

Official Fcst Q

Past Future

Past Future

Before 
“cranking up 
the melt” – 
sim Q is too 
low

After 
“cranking up 
the melt” – 
sim Q matches 
much better

Credit: plots courtesy B. Bernard (CBRFC)

• CBRFC uses SNOW17 temperature-index model

• This approach breaks down when conditions deviate from average
• Dustier than average snowpack brings earlier snowmelt than what 

SNOW17 predicts
• Larger streamflow prediction 
errors are correlated with dustier years



jderry@snowstudies.org
Cell # 970-231-6595

WWW.SNOWSTUDIES.ORG
WWW.CODOS.ORG





https://labs.waterdata.usgs.gov/visualizations/fire-hydro/index.html#/

Water Quality:
• Increased sediment and nitrate, phosphorus, dissolved organic carbon, 

and manganese
• Eutrophication, stream habitat alteration, metals mobilization in 

reservoirs
• Impaired water-treatment efficiency

Forest Fires



Aridification – Not Drought
- Declining snowpack and earlier runoff
- Higher temperatures: > 1.25 °C 

- Drying Soil
- Thirsty atmosphere (holds more 

moisture)
- Moving storm tracks

- Shorter winters

- Temp can be a major flow driver in 
addition to precip
- Since 1988 flows have been less than 
expected given winter precip
- Warm temps exacerbated modest 
precip deficits in the Millennium 
Drought



Neff  et al. (2008) Nature Geosciences

500% greater dust now 
than before 
settlement

Dust deposition increased 
after settlement



Plant Community Monitoring
Snow amount and distribution greatly influences 
vegetation composition, abundance, and 
distribution.
 
Alpine regions are considered one of the most 
vulnerable ecosystems in the face of climate change, 
yet we have very few sites with quantitative data

Colorado Natural Heritage Program

2004 2014
2021



Aridification – Not Drought
- Temp can be a major flow driver in addition to precip
- Since 1988 flows have been less than expected given 
winter precip
- Warm temps exacerbated modest precip deficits in 
the Millennium Drought







Dust enhances 
snowmelt
Swamp Angel Study Site:
observed & modeled SWE

2005

2006

2008

2007

2009

Year
# dust 
events

# spring 
dust

events
# days melt 
advanced

2003 3 1 -

2004 3 3 -

2005 4 4 28

2006 8 6 31

2007 8 6 30

2008 9 9 26

2009 12 9 50

2010 9 8 -

Skiles et al. (in prep)



Early melt shifts hydrograph
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Daily averages, 1916-2003

Steeper 
rising limb

Runoff at Lee’s Ferry, AZ

Painter, Deems, et al., PNAS (2010)





peak
SWE

cumulative
SWE

date of 
peak SWE

length of season

SWE descriptor variables
April 1st SWE

SW
E

date



J. Brahney, A.P. Ballantyne, C. Sievers, J.C. Neff. Increasing Ca2+ 
deposition in the western US: the role of mineral 
aerosols.  Aeolian Research (2013), 
http://dx.doi.org/10.1016/j.aeolia.2013.04.003

Dust deposition increasing since mid-90’s 

http://www.sciencedirect.com/science/article/pii/S1875963713000281
http://www.sciencedirect.com/science/article/pii/S1875963713000281
http://www.sciencedirect.com/science/article/pii/S1875963713000281
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https://labs.waterdata.usgs.gov/visualizations/snow-to-flow/index.html#/

About 75% of Rio Grande flows come from snowpack, while
monsoon rains produce the rest.

https://labs.waterdata.usgs.gov/visualizations/snow-to-flow/index.html#/


- Temp can be a major 
flow driver in addition 
to precip
- Since 1988 flows have 
been less than expected 
given winter precip
- Warm temps 
exacerbated modest 
precip deficits in the 
Millennium Drought



About 60 million people in the Western United States depend on snowmelt. 
• Of these, 10—27 million live in areas where it is likely that snowmelt will no 

longer be able to provide sufficient runoff to meet summer/fall demand by 2060 
(Mankin et al. 2015). 



Animas Headwater
San Miguel 
Watershed

Approximately ~13 miles  from the 
Rio Grande Watershed

Uncompahgre Watershed



Longer growing season increases ET

Clean
Dust

Painter, Deems, et al., PNAS (2010)

Decrease annual runoff in 
UCRB by ~ 5% on average



https://labs.waterdata.usgs.gov/visualizations/snow-to-flow/index.html#/

Snowpack is a natural reservoir
“nature’s water towers”

https://labs.waterdata.usgs.gov/visualizations/snow-to-flow/index.html#/




• Usually overrated!!
• At rain temperature of 10°C (50°F), it would take 8 

inches of rain to melt 1 inch of SWE in an isothermal 
snowpack.

• Or…What would the temperature need to be if you 
wanted 1” of rain to melt 1” SWE?  80°F!

• Cold rain can warm snowpack more than warm rain  

Heat From Rain



Heat From Rain



Heat From Rain



Phase change from 
solid to liquid, latent 
heat absorbed

Phase change from 
gas to liquid, latent 
heat is released

Latent Heat





windward vs. leeward

Windward, wet, cool, upslope 
vs.

Leeward, dry, warm, downslope
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