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Colorado River = Major Diversion

•  7 States, 2 Nations, 30 Tribes
• 8% of area of the Lower 48
•  20C Annual Flow ~15.2 MAF

 = Hudson River
• Worst drought in gaged record 

started 2000 ~12.3 MAF/yr 
 = ~19% decline annually
•  40 M People
•  All of the Major Cities  in SW US
•  4.5m Irrigated Acres  
• Fully Allocated in 1922
• Complex Use Agreements
• Withdrawals equaled Supplies ~2000
• New Projects still contemplated
• No longer reaches the ocean



Talk Outline  
• Current Basin Status

• Reservoir Levels, Shortage Status
• Unusual River Flows since 2000
• South to North Flow Decline Pattern
• Recent 20 Month Period Contribution to 

Drought
• Role of Heat in Reducing Flows 
• Role of Precipitation in Reducing Flows
• No longer a drought – aridification
• IPCC AR6 Findings



August 21, 2021

August 13, 2021

August 16, 2021
August 21, 2021

Lake Mead will fall below 1075’ on January 1, 
2022, triggering first-ever ‘Tier 1’ water 
shortage in Lower Basin…..
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Jan 2000: 
Powell+Mead 95% Full, 
47 MAF

April 2022:
Powell+Mead less than 
30% Full, 15 MAF

Loss of 32 MAF or 1.4 
MAF/Year



Lake Powell ~2000 Full Pool Lake Powell October 2021 155’ Low

Paired Lake Powell Photos near Hite, UT, 22 Years Apart

STOCK PHOTO



Last 22 Years: How Different from 1906-99?

Mean: 15.2 maf vs 12.3 maf (-19%)

High Flow Years (>15 maf)  ½ as many

Low Flow Years (<10 maf)  2.5x as many

1 in 1500 Years if using 1906-99

Worst 22-Year Period 
 in 1906-99: 13.1 maf
 in 2000-21: 12.4 maf 
(-700 kaf/yr or 15.4 maf total)

Take Home: Last 22 Years has no 20th C 
Analog. It is completely different. 

2 Kinds of Flows: (1) Natural Flows



• Actual Inflows into Powell with effects 
of Upstream Reservoir Operations 
Removed

• If you added Upper Basin Demands to 
these flows you’d have ~ “Natural 
Flows”

• 2000-2021 Average is 8.4 maf/year

• Powell inflows tie Directly to Compact 
Section III D Non-Depletion Provision

• Can not release from Powell more than 
Inflow - Evaporation over time

• Take Home:
8.38 maf – 500 kaf evap is ~ 7.9 maf/yr.
This is less than annualized III D plus MX 
non-depletion amount (8.23 maf/yr). 

2 Kinds of Flows: (2) Unregulated Inflows



Reclamation Downscaled Precipitation CMIP3 Projections
End of 21st Century 

Take Home Point:

Precipitation Changes are 
small in Colorado with a 
North-South Gradient

Southern Colorado at 
significant risk of Precipitation 
(and runoff) declines

Wet– Dry North-South Gradient 
Across the Basin

2 
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20 Month Period January 2020 to August 2021 had..

• Lowest Total Precipitation since 1895
• 3rd Highest Daily Average Temperatures since 1895
• Record High Vapor Pressure Deficit

Low Precipitation “appears largely natural”

“Warm temperatures that helped to make this drought 
so intense and widespread will continue (and increase) 
until stringent climate mitigation is pursued”

September 2021 NOAA Drought Report
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• Temperature can be a major flow driver (normally we just think about precipitation)
• Since 1988 flows have been less than expected given winter precipitation
• Warm temperatures exacerbated modest precipitation deficits in the Millennium Drought

- 2016
Increasing influence of air temperature on upper 
Colorado River streamflow 
Connie A. Woodhouse1'2, Gregory T. Pederson3, Kiyomi Morino2, Stephanie A. McAfee4, 

and Gregory J. McCabe5 
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• Precipitation declines only 
partially explain flow loss

• ~ 66% of the loss

• Temperature increases 
explain the remainder

•  ~ 33% of the loss

• Why? 
• More Evaporation
• Thirstier Atmosphere

• Temperature-Induced Losses
• Now = ~6%
• 2050 = ~20%
• 2100 = ~35% Udall and Overpeck, WRR, 2017

- 2017



• Attempt to ‘reconcile’ the wide range of CR Temperature 
Sensitivities

• Answer: -9.3 %/°C !

• Mid-century flow loss (only Temps) 
• -14% to -26% Low GHG Emissions
• -19% to -31% High GHG Emissions

• Mid-century flow loss (both Temps & Precip)
• +5% to -24% Low GHG Emissions
• +3% to -40% High GHG Emissions

• Key Finding: As shiny, reflective snow declines, absorbed 
radiation goes up (2/3 of the cause)



How can average April 1 CRB 
snowpack turn into low runoff?

• Last 2 CRB Winters 
• 2021: 90% SWE     -> 30% Runoff
• 2020: 100% SWE   -> 50% Runoff

• Close to Average Winter Precip
• But….
• Large Spring Precip reductions

• early melt means early greenup
• Hot, Dry Summers reduce soil 

moisture
• Result: 

• Next Year’s Spring Runoff fills soil 
moisture deficit first resulting in low 
flows

Das et al., 2012



Despite 
good 2021 
monsoon, 
soil 
moisture 
deficits 
persist.

2022 Runoff 
likely 
impacted.

Soil Moisture Comparison September 2020 vs September 2021



Emerging Megadrought

2000—2018 2nd Driest 19-year 
period since 800 AD as 
measured by JJA Soil Moisture

Caused by Natural Variability 
aided by anthropogenic drying

About 50% due to humans

Without anthropogenic drying, 
would be a moderate drought

Science, April 2020



Westwide Aridification 
– Not a Drought
• Declining Snowpacks
• Earlier runoff
• More rain, less snow
• Higher Temperatures:  >1.25°C
• Drying Soils 
• Severe Fires
• Forest Mortality
• Warm Thirsty Atmosphere (holds more 

moisture)
• Northward moving storm tracks (less 

certain, but a worry)
• Shorter Winter
• Megadrought



• 1. Temperature Increases
• Increased Evaporation / Transpiration

• Evaporation + Transpiration reduces flow this 
year 

• Soil Moisture reduces flow next year
• Proven Connection to Climate Change 

(-9% / °C Increase ?)
• 2. Precipitation Decreases

• New Findings 
• 2000-20 tied with worst 20th C 21-Year Period 

for Precipitation
• Until recently, precip declines were not extreme
• 3 of Last 4 years especially bad

• Key Seasons / Months
• More Summer declines than Winter

• summer declines deplete soil moisture
• March, April worrisome, too 

• early snow melt bad
• Hints of Connection to Climate Change

• Hoerling et al., 2019

Why are the 21st Century 
flows so different?

Temperature change, 1895-2019 
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• Humans have warmed all parts of our climate system
• Widespread and rapid changes have occurred
• Change is unprecedented over centuries to 1000s of years
• Weather and Climate Extremes across the globe affected
• Temperature will increase to at least mid-century
• 1.5°C and 2°C will be exceeded unless deep GHG reductions 

occur soon
• More warming means more harmful impacts
• Warming will intensify the hydrologic cycle 

• more floods and droughts
• Many changes are irreversible for centuries to millennia
• Low likelihood, high impact events can not be ruled out
• Lower emissions lead to noticeable temperature changes 

within 20 years

• Headed towards 2.7°C warming by 2100

IPCC 6th Assessment Major Findings 
plus IPCC NDCs

August 7, 2021

September 17, 2021



nature 
NEWS FEATURE I 01 November 2021 

Top climate scientists are sceptical that 
nations will rein in global warming 
A Nature survey reveals that many authors of the latest IPCC climate-science report are anxious about the 

future and expect to see catastrophic changes in their lifetimes. 

Do you think the 
world Is 
experiencing a 
'climate crisis'? 

Do you think you will 
see catastrophic 
Impacts of climate 
change In your 
lifetime? 

How much warming above pre-Industrial times 
do you think Is likely by 2100? 

1.5 °C 

2 

2.5* 

3 

3.5 

4°c 

0 10 20 30 
Percentage of respondents 

40 50 



Jan 2000: 
Powell+Mead 95% Full, 
47 MAF

April 2022:
Powell+Mead less than 
30% Full, 15 MAF

Loss of 32 MAF or 1.4 
MAF/Year



Colorado River Basin Trends

• All Trend Lines in Wrong Direction
• Tier 1 Shortage in 2022
• Projections of up to 40% flow loss 

by Mid-Century
• 2027 New Management Rules in 

Place
• 2000-2021 Flows/Precip Downward 

shift in Highs and Lows

Udall and Overpeck, 2017
Milly and Dunne, 2020



2022

2007 Interim Guidelines Shortage Reductions 
and Incremental DCP Contributions 
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The 500+ Plan

CA, NV, AZ trying to save additional 500 kaf in 
2022 and 2023

Would Boost Mead by 16 Feet over 2 years

Ideally, 5-Year Plan Through 2026 (End of DCP+IG)

$100m / Year = $200 / AF



“Our challenge now is not reallocating water,” wrote Arizona 
Department of Water Resources Director Tom Buschatzke. “Our 
challenge is to collaborate to address the increasing hydrologic risks 
by developing additional innovative and proactive measures, 
including either voluntary or mandatory conservation.”



“As the basin’s water management community 
prepares for a new round of negotiations over the 
water allocation rules, how bad of a “worst case 
scenario” should be considered and who will get less 
water as a result? It is tempting to use today’s 20% 
flow decline as the new baseline—that is, modeling 
future reductions on the basis of what has already 
been observed. But only by planning for even 
greater declines can we manage the real economic, 
social, and environmental risks of running low on a 
critical resource upon which 40 million North 
Americans depend.”

Managing Colorado River Risk Science May 28, 2021

Reasonable Worst Case Planning



Existing Supply – 
Demand Balance is 

tenuous

1988-2018 
Stress Test

2000-2018 
Drought

With UCRC Projections

No Upper Basin Increase

Combined Mead + Powell Storage

MAIN MESSAGE:
If Upper Basin demands do 

not increase 
AND 

recent flows are  
representative of future 
runoff, then the system 

would stay at “sustainable” 
but low levels

Wheeler et al., 2021



Potential CRB Solutions

1. Forest Management and 
Restoration

2. Natural Distributed Storage
3. Regenerative Ag
4. Upgrade Ag Infrastructure + 

Operations
5. Crop Alternatives
6. Urban Conservation and Reuse
7. Industrial Conservation and Reuse
8. Coal Plant Retirement Water
9. Reduce Dust on Snow
10. Covering Reservoirs and Canals

www.tenstrategies.net

Solution Lens: adapt, reduce, mitigate, strengthen



Brad Udall 
Bradley.Udall@colostate.edu
@bradudall



Dan McCool Op-Ed

3 Fundamental Errors
1. Flawed Data
2. Fixed Allocations
3. No Native American Participation

Proposed Solution
Use Percentages based on 5-year rolling 
average

As climate change parches the Southwest, 
here's a better way to share water from the 
shrinking Colorado River 
November 17, 2021 8.18am EST 



Why does Increased Evaporation / Transpiration lead to lower River Flow ? 
A thought experiment

• In CRB 80% of Precipitation Evaporates/Transpires (ET) 
back to atmosphere

• Remaining 20% is river flow
• In hotter world, any given day hotter, longer growing 

season, thirstier atmosphere
• 80% can easily increase to 81% or more
• But that means the remainder for river flow is 19% or less

• 1% increase in ET / 1% decrease in river flow seems small
• But river users don’t know / don’t care about river flow in 

terms of % of ET
• All they know is that now they have 19/20 (95% or -5%) of 

previous flow

• Take Home: Small 1% increase in ET makes for large 5% 
decrease in river flow

text

80% 81%

20% 19%

20%
19%

95%100%
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Colorado River:
Non-Stationarity 
Evident 

• Warming Everywhere
• Record Setting Drought
• Temperature Induced Losses
• Snow Loss
• Earlier Runoff
• Less Productive Runoff
• Recent precipitation declines
• Dust About 2/3 of years since 2000 

sit it this hot/dry quadrant



Prudent Planning and “Reasonable Worst-Case Future”
• What scenarios should we be modeling for?

• Water-supply policy is ultimately a political / policy decision, informed by science
• We suggest: “Reasonable Worst-Case Future”

• Definition: Future that is both politically possible to plan for, and climatologically 
possible, without being on the extreme tail of any distribution

• What science should inform that decision?
• Known Science 

• Past 21 years of flows, precipitation and temperature
• Temperature impacts on flow 
• Future temperature projections
• All evidence points to declining flows

• Unknown Science – mostly precipitation
• Low confidence in projected increases
• Might save the day, but is it prudent to count on this?
• Precipitation might also decrease – see Hoerling et al, 2019

• Ultimately a Policy Decision of  What is Prudent  and Possible to Plan For
• Balancing of politically Possible and climatologically Problematic  
• Prudence dictates modeling using flows less than last 21 years, but how much less?



Upper Colorado River System: UCRC Projected Depletion Schedules and 
analyzed demand ranges

1. Small difference between 
2007 and 2016 UCRC 
Schedules

2. We analyzed a wide range 
of Upper Basin capped 
depletions

• 5.0 maf
• 4.5 maf
• 4.0 maf
• 3.5 maf
• 3.0 maf
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4 Key Basins (Green + Blue) 
produce ~55% of all runoff

Findings
• ~50% of Decline due to Higher 

Temperatures
• More Evaporation of all kinds

• ~50% of Decline due to Changing 
Precipitation Patterns

• Shift to less productive basins

Model-based Study using 
Historical Data
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A few thoughts from John Fleck, a writer of journalism and other things, living in New Mexico 

ABOUT THE COLORADO RIVER 

Is the Colorado River "Stress Test" stressful enough? 
Posted by jfleck on 22 July 202~, 5:57 pm 

BY BRAD UDALL AND JOHN FLECK 

Earlier this year, we argued in a Science magazine editorial that Colorado River forecasting must take the growing 

risk of climate change seriously. The latest five-year projections from the U.S. Bureau of Reclamation offer a practical 

example of the challenge. 

Published July 8 (see here and here) with an accompanying news release, the projections suggested that if the 

trends of the l1ast 30-plus years continues, there is a 79 percent chance that Lake Powell could drop next year below 

elevation 3,525 - a danger zone for managing power production and releases to the Lower Basin going forward. 

With the reservoirs behind Hoover and Glen Canyon dams expected to drop below 30% by early 2022, these 

projections take on a new importance - we no longer have a huge water buffer to protect us from future low flow 

years. 

It is stark news. But perhaps not stark enough. 

This forecast talkes advantage of an important new tool Reclamation has invested in called the "Stress Test" to give 

us a sense of the future risks we face. 

The Stress test goes beyond the old "the future will be like the past" scenario build ing we have used in the past on 

the Colorado River. This new tool takes an important step toward incorporating climate change. But we are 

concerned that it doesn't go far enough. 



• 20% Flow Decline over last century
• 50% of that due to climate change (i.e. 10% flow loss)
• Climate models show 1.2°C warming and 3% precip decline

• Precipitation Elasticity of   ~   2
• Temperature Sensitivity of ~ -2.5% to -7% /°C

• Warming is 1/3 of the decline          (~3 % of flow)
• Precipitation Loss is 2/3 of decline  (~7 % of flow)

• What’s New: 
•  1. Attribution of 1981- 2010 precipitation decline to climate change
•  2. Lower Temperature Sensitivity

Hoerling, Barsugli, Livneh, Eischeid, Quan, Badger, 2019 With 
Climate 
Change

Without 
Climate 
Change

Precipitation

Runoff

Temperature

Climate Model Results 1981-2010

Sophisticated Multi-model Multi-Ensemble GCM Effort with 
and without added greenhouse gasses



• Dust is causing earlier snowmelt

• Runoff occurring 3 weeks earlier

• Reduced UCRB flow by ~5%  

• Super Dusty Conditions advance runoff by 6 
weeks, reduce flow by about ~6%

Why: dark surface absorbs more energy

Dust Source: NE Arizona, S. Utah

Sources: Painter et al., 2010, Deems et al., 2013

Source: Chris Landry, CSAS

Dust on Snow Reduces Runoff, Shifts Timing

Presenter Notes
Presentation Notes
Dust-on-snow already has significant impact on runoff timing and magnitude – interaction with warming uncertain, but dust emissions from the 4 corners likely to get worse if soils and vegetation get drier





In both Central Plains 
and Southwest, Multi-
decadal Drought Risk* 
exceeds 80% in 21st 
Century

* Defined as Drought 
lasting 35 or more years

Percent Chance 
of Multi-
Decadal
Drought Risk,
Southwest US

CLIMATOLOGY 

Unprecedented 21st century drought risk in the 
American Southwest and Central Plains 
Benjamin I. Cook, 1' 2* Toby R. Ault, 3 Jason E. Smerdon2 
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