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Adapting to the Colorado River of the 21st century: 
A thirstier atmosphere, low-to-no snow and flow, and compounding extremes 
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The Colorado River of the 21st century

Mount Hood

Where is the Colorado River basin headed in the 21st century?
• More booms and busts in precipitation
• Low-to-no snow with less flow
• Thirstier atmosphere
• More depleted groundwater stores
• More intense compound extreme events

What can we do to be proactive rather than reactive?
• Maintain and expand monitoring networks and remote sensing
• More nimbly manage infrastructure 
• Bank water more regularly in the ground
• More efficiently utilize water and generate “new” water
• Continue to invest in model-based projections of the future
• Foster more partnerships between academia-management

2

Headwaters of the Colorado River
Photo by Connor Scalbom
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The Colorado River of the 20th century

Udall and Overpeck, 2017 3

“…the period since 2000 has seen below-average 
Upper Basin (Lees Ferry) flow volumes, with an 
average naturalized flow of 12.6 MAF/year from 
2000–2019, which is 15% below the long-term 
average of 14.8 MAF (1906–2019)…”

“…Elevation dramatically shapes the amount of 
precipitation and its relative contribution to 
runoff, so that 85% of annual runoff comes from 
the 15% of the basin’s area that is located in the 
mountain headwaters…”

Lukas and Payton, 2020
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The Colorado River of the 21st century can no longer be managed with a 20th century mindset

4Lukas and Payton, 2020

“…in the Upper Colorado Basin, >70% of runoff comes from 
snowpack; <50% of total precipitation is snowfall; 

later [earlier] peak SWE increases [decreases] runoff efficiency…”
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Snowpack has become less reliable as a natural store

SWE decline in 90% of stations (1955-2016)
with a -23% decline on average

Peak SWE timing 
-4 days/oF of warming

Mote and Sharp, 2016 Kapnick and Hall, 2012 5
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A less reliable snowpack undermines long held water-energy supply assumptions

6Siirila-Woodburn, Rhoades, et al. 2021
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Rainfall is less efficient at generating runoff than snow, especially as the atmosphere becomes thirstier

7Lukas and Payton, 2020

Headwaters of the Colorado River
Photo by Jeremy Snyder

Estimates of changes in 
Upper Colorado River Basin 

streamflow/runoff 
-1.5-7.5%/oF of warming

Lake Mead
USGS

Albano et al., 2022

“…in the Rio Grande region atmospheric thirst increased by 8 to 15% between 
1980 and 2020. Holding all else equal and assuming no other changes in 
management, this means that 8 to 15% more water is now required to maintain 
the same thoroughly-watered crop…”
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More depleted groundwater stores as snow becomes less reliable

8Hall et al., 2023

“…From 2002 to 2023, there was a loss of total water storage in the Great 
Basin of ∼68.7 km3 [55.7 MAF] which is more than six times the current 
volume of the Lake Mead Reservoir…likely causes include declining snow 
mass, upstream water diversions and increased evaporation/sublimation 
due to increasing temperatures…”
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A low-to-no snow future will have economic “trickle down” effects

Sturm et al., 2017

“Approximately 162 million-acre feet (MAF) of snow is deposited in the western mountains 
… a reasonable estimate is that half of this might come as rain in the future

… two thirds might runoff to the ocean without utilization or a loss of 53.9 MAF each year
… cumulative costs [of this loss] $4.76 trillion - $120 billion [$200–$900 per acre foot]”

9
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A low-to-no snow future will have economic “trickle down” effects

Siirila-Woodburn, Rhoades, et al. 2021

Synthesis of >300 peer-reviewed articles

Performed an analysis on the 18 studies 
which provided estimates on the 
magnitude and timing of snow loss

Results show regional differences, but 
generally predict WUS-wide losses of:

~25% ± 5% by 2050
 ~35%  ± 10% by 2075

 ~50 ± 10% by 2100

10
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The “trickle down” effects of a changing snowpack won’t always occur gradually

11

Warmer Climate

Ombadi et al., 2024 
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Rain-on-snow events could increase in frequency and intensity into the mid-21st century

12Rhoades et al. 2023 and 2024

“…the most costly flood ($1.6 billion) in California history was the 1997 New Year’s event
...at least 0.5 million people were displaced by the flooding & most of California counties (43/58) declared disaster zones

…ag. damage at $245 million by the end of January…59,000 acres of crops lost and 95,000 acres damaged” 
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Snow-eater heatwaves could increase in frequency and intensity into the mid-21st century

13

“…the Great Salt Lake rose 4 
feet, and officials in Salt Lake 
City literally turned two 
downtown streets into canals 
to handle all the runoff…”

Late May 1983 flood

Rhoades et al. 2024 [in prep.]

Salt Lake City, UT

“…In the Rockies, every 
tributary of the Colorado 
River was running high and 
fast, and the Colorado itself 
was running at 100,000 cubic 
feet per second — enough 
water to cover the entire 517 
square miles of Phoenix in 6 
inches of water in less than a 
day…In order to keep the 
water from topping the 
massive spillway gates, they 
would extend the tops of the 
gates. With plywood…”

Glen Canyon Dam, AZ
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Adapting to the Colorado River of the 21st century

Managed aquifer recharge (MAR)
● Assess scalability to offset volume and timing of snow loss, in practice at test sites                          

and through the use of models to estimate how to best scale
● Create maps of best available locations and strategies for optimizing infiltration                           

(e.g., timescales of conveyance to infiltration)
● Develop water rights agreements and incentives for upstream/downstream users

Forecast-informed reservoir operation (FIRO)
● Explore ways to continue to enhance atmospheric forecast skill – short- and long-term predictions
● Reassess management assumptions (e.g. rule curves) - particularly reservoir storage & hydropower
● Identify and prioritize retrofits that might enable FIRO 
● Explore conveyance strategies in a changing climate - influence of back-to-back extremes

Remote sensing-based water budget monitoring techniques
● Mountain-wide peak snowpack measurements (e.g., ASO Lidar)
● Evapotranspiration monitoring to estimate atmospheric and ag. water demands (e.g., OpenET)
● Groundwater monitoring to estimate remaining savings in “water bank account” (e.g., GRACE)

14
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Adapting to the Colorado River of the 21st century

15

Foster more partnerships 
between academia-management

• Identify climate-related 

decision-contexts

• Identify scientific 

knowledge gaps for 

practice

PRACTITIONERS
(~30 Water, Energy, Land 

Managers from management 
agencies across US)

RESEARCHERS
(~40 Climate scientists, 

Earth system sci, Social sci, 
Hydrologists, etc.)

Co-produce 
research plan

Feedback on other topics 

to investigate

Identify further areas 
of research

• Identify broad research 

goals and scope

• Identify skills, available 

datasets and 

methodologies

Refine research 
questions & approach

Iterate on 
approach & 

results

Finalize results 
& outputs

Prioritize key results 

for further analysis

Choose models, 

scales, decision-

relevant metrics

Share results & outputs

Identify decision-

applications for results

1

2

3

45

Identify research 

topics, broad 

questions & 

decision-relevant 

outputs

CO-PRODUCTION PROCESS
Facilitated by 

BOUNDARY SPANNERS & 
SOCIAL SCIENTISTS



16

Adapting to the Colorado River of the 21st century

16

Scientific field campaigns can help 
inform theories of headwater hydrology 
and enhance short- and long-term model predictions
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Adapting to the Colorado River of the 21st century

17

More efficiently utilize existing water 
and generate “new” water

• 2024 is the 5th Year of a 10 Year, $185M+ applied research 
program from DOE’s Advanced Manufacturing Office (EERE), 
headquartered at LBNL

• Strong support from western states: $26.34M – CA; $6.70M – TX; 
$5.12M – AZ; $1.75M – CO; and $0.56M – NM

Direct potable reuse mobile facility
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Questions?
arhoades@lbl.gov | www.alanrhoades.com | @MtnClimRhoades

Mount Hood

Headwaters of the Colorado River
Photo by Connor Scalbom
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Where is the Colorado River basin headed in the 21st century?
• More booms and busts in precipitation
• Low-to-no snow with less flow
• Thirstier atmosphere
• More depleted groundwater stores
• More intense compound extreme events

What can we do to be proactive rather than reactive?
• Maintain and expand monitoring networks and remote sensing
• More nimbly manage infrastructure 
• Bank water more regularly in the ground
• More efficiently utilize water and generate “new” water
• Continue to invest in model-based projections of the future
• Foster more partnerships between academia-management
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