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Colorado River Climate Change  
Studies over the Years

• Early Studies – Scenarios, About 1980
– Stockton and Boggess, 1979 
– Revelle and Waggoner, 1983*

• Mid Studies, First Global Climate Model Use, 1990s
– Nash and Gleick, 1991, 1993
– McCabe and Wolock, 1999 (NAST)
– IPCC, 2001

• More Recent Studies, Since 2004 – RANGE -5% to -45% BY 2050 
– Milly et al.,2005, “Global Patterns of trends in runoff”
– Christensen and Lettenmaier, 2004, 2006
– Hoerling and Eischeid, 2006, “Past Peak Water?”
– Seager et al, 2007, “Imminent Transition to more arid climate state..”
– IPCC, 2007 (Regional Assessments)
– National Research Council Colorado River Report, 2007
– McCabe and Wolock, 2007, “Warming may create substantial water shortages…”
– Barnett and Pierce, 2008, “When will Lake Mead Go Dry?”
– Barnett and Pierce, 2009, “Sustainable Water Deliveries From CR in changing climate 
– Rajagopalan, 2009, “Water Supply risk on the CR: Can management mitigate?”
– Comments and Responses to B&P 2008
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At Least 7 Colorado River 
Studies Since 2004…

….Runoff Declines Range from -6% to -45% by 2050
....Best guess now -10% to -20% by 2050
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Precip and Temp at 2100 A1B –
7F = 3-4C Rise 

Precip
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Winter Precipitation Summer Temperatures
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Note: 2001, 2002, much less than 
average (green line), others not that low 
or above average



Note: Temps average about 1.6 F 
warmer than long-term mean (green)



Note: Red Circle Denotes the most 
serious  gaged 10-year drought on the 
river ever at 80% of mean flow. 



Rank % Average 10-Year Total Start Yr End Year
1 79.7% 119,081,504 2001 2010
2 80.0% 119,483,455 2000 2009
3 81.7% 122,048,340 1999 2008
4 82.5% 123,302,369 1998 2007
5 83.1% 124,090,505 1959 1968
6 83.1% 124,212,410 1954 1963
7 83.6% 124,880,374 1931 1940
8 84.4% 126,156,961 1953 1962
9 84.8% 126,645,471 1955 1964
10 85.3% 127,482,205 1958 1967

Colorado River Ten-Year Droughts Since 1906
at Lees Ferry
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Take Home Message: This is by far the most serious 10-year 
drought in the historic record



Year Flow in AF % Avg
2000 11,029,918 74%
2001 11,027,306 74%
2002 6,204,516 41%
2003 10,479,773 70%
2004 9,410,833 63%
2005 16,849,487 113%
2006 12,515,241 84%
2007 11,935,380 80%
2008 15,907,000 106%
2009 14,124,000 94%
2010 10,627,967 71%

Lee Ferry Flow  in Acre-feet By Year Since 2000 as 
% of Average
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Colorado River Water Supply & Use



Title Slide Photo

2007 Shortage Sharing 
Agreement Signed



Thext
ss

1050’ = Short 2 = 417 kaf ~ 7.5 maf

1025’ = Short 3= 500 kaf ~5.8 maf

1075’ = Short 1 (333 kaf)
= ~ 9.4 maf

1100’ = ~ 11.5maf

Average Loss per 
month for ~120 
months is 110,000 af
Total Loss = 13.5 maf

1000’ = Las Vegas Lower Intake  ~4.3 maf

With projected flow,  Powell 
stays same, Mead drops 
another 1maf by 2011 



Risk of Hitting Elevation 1050 = 2nd

Shortage Trigger is 30% without 
climate change

Source: Reclamation



Risk of Hitting Elevation 1025 = 2nd

Shortage Trigger is 20% without 
climate change.

Source: Reclamation
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A Current Problem in the Lower Basin
• Avg Lake Mead Inflows = 9.0 maf

• 8.23 maf from Powell (Current Operating Rules)
• 0.77 maf tributaries below Powell
• 9 maf is all the LB is legally entitled to

• Avg Lake Mead Outflows = 10.4 maf
• 7.5 maf LB States (4.4 CA, 2.8 AZ, 0.3 NV maf)
• 1.5 maf Mexico
• 1.4 maf Evap + Delivery Losses

• Net Balance = -1.4 maf/year 
• (Mead at 11.5 maf now)

Stuff 
and 



A Lurking Problem in the Upper Basin
• How Much Water Left to Develop?

• Current uses: ~4.5maf per year
• At 13.5 maf avg , ~0.5 maf left to develop
• At 15.0 maf avg,  ~1.5 maf left to develop

• ‘Hydrologic Leftovers’ Creates Uncertainty
• Upper Basin Compact penalizes for 

overuse, but only determined after the fact
• Terror over Compact ‘Call’ Ramifications
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How much water to Develop ?
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Source: State of Colorado “CRWAS” Study
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Reconciling Year 1- Scale Matters
• Most runoff comes from small part of the basin > 9000 feet
• Runoff Efficiency Varies Greatly from ~5% (Dirty Devil) to > 40% (Upper 

Mainstem)
• You can’t model the basin at large scales and expect accurate results

– GCMs (e.g. Milly) and H&E 2006 likely overstate declines
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Reconciling Year 1- Scale Matters
• Most runoff comes from small part of the basin > 9000 feet

– Very Little of the Runoff Comes from Below 9000’ (16% Runoff, 87% of Area)
– 84% of Total Runoff Comes from 13% of the Basin Area – all above 9000’

% Total Runoff
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Basin Area and Runoff By Elevation

Runoff as % of Total Area as % of Upper Basin Total

Basin Area

Runoff

Elevation % Total Runoff % Total Area "Productivity"
9000-10,000 25% 6.3% 3.9

10,000-11,000 27% 4.3% 6.2
11,000-12000 22% 2.1% 10.4
12,000-13,000 11% 0.5% 20.4

Sums 9-13 84% 13.2%
Below 9000 16% 87% 0.2



Precipitation Elasticity for 
Colorado River Flows at Lees Ferry

VIC 2.4%
2-Layer Model 2.0%



Temperatures sensitivities for 
Colorado River Flow at Lees Ferry

VIC Tmax and Tmin -5.9%
VIC Tmax -10.8%
2-Layer Model -9.0%

Sensitivity between models is dependant on how 
PET is calculated:  

Penman-Monteith versus Thornthwaite

How temperature applied (Tmax vs Tmax&min)
changes radiation budget



New Dust on Snow Research

Dust on Snow 
absorbs lots of 
solar energy

• Melts Faster
• Reduces Runoff



It doesn’t just melt faster…



?



Hydrology Model Issues
• Why is 2070 no different from 2040?

Source: State of Colorado “CRWAS” Study



Demand Issues
• Total Demand Increases by 1.5 to 5 maf at 

2040. Average Increase ~ 20%. 18 Days 
Longer Growing Season

• At 2070 Average Increase ~30%, 30 Days.

Source: State of Colorado “CRWAS” Study
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Acceptable Reservoir Risks
• Reservoirs are designed to fluctuate
• Traditional Reservoir sizing techniques simulate history 

of inflows and desired demand and have the reservoir 
hitting bottom once 

• If 100 years of simulation, 1 failure is 1% risk of drying, 
BUT all demands still met (barely)

• This is our ‘Probability of Drying’ metric, BP2008 uses a 
different metric

• 1% to maybe 5% is manageable.  Beyond this, life is 
challenging for reservoir managers

• 50% drying is not acceptable level of risk
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When Will Lake Mead Go Dry?
Water Resources Research, 2008, Barnett and Pearce

• Water Budget Analysis
– One 50 maf reservoir, increasing UB demands (13.5 in 2008 ->14.1 maf/yr in 

2030, 15 maf /yr inflows, current starting contents
– Linear Climate Change Reduction in Flows w/ some natural variability

• Results With Linear 20% Reduction in mean flows Over 50 years
– 10% Chance Live Storage Gone by 2013
– 50% Chance Live Storage Gone by 2021
– 50% Chance Loss of Power by 2017

• Problems
– 1.7 maf/year fixed evaporation plus bank storage
– Missing 850 kaf/yr inflows below Lees Ferry 
– Reservoirs can and do recover, even with declining flows 

• Critical Issues Regardless of these Results
– System is close to Demand = Supply which has big implications
– Normal climate variability can push us over the edge without climate change
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Four Responses to BP2008
• 1. “Comment on Paper”

– Joe Barsugli, Ken Nowak, Balaji Rajagopalan
• 2. Reply to Comment by BP
• 3. Barnett and Pierce 2009, PNAS
• 4. “Water Supply Risk on the Colorado 

River: Can Management Mitigate?”
– Balaji Rajagopalan, Ken Nowak, Jim Prairie, 

Ben Harding, Joe Barsugli, Andrea Ray, Brad 
Udall
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A New Lake Mead Dry Paper
Why the difference between -10% and -20% Runoff Matters
• Balaji Rajagopalan, Ken Nowak, Jim Prairie, Ben Harding, Joe

Barsugli, Andrea Ray, Brad Udall
• Study Combines Historic Flows, Tree-rings and Climate Change

– 10,000 year flow sequences created using combined dry/wet spells from 
tree-rings and resampling historic record

– 3 Sequences: no change, -10%, -20% runoff
• Simple Operations Model: 60 maf Reservoirs, EIS Shortage Rules, 

CRB Deliveries at 13.5 maf, Active Evaporation calculations, No 
infiltration, U. Basin Demand Growth over Time

• 6 Policy Options to investigate changing risk – Alts A-F
– A Mix of Current EIS, Increased Shortage Amounts, More Aggressive 

Reservoir Thresholds for Shortages, and Various UB Demands starting 
points and growth rates

• At first glance different from Barnett and Pierce…but upon more 
investigation, results are similar, if assumptions are the same…
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• 5 Future Management Alternatives (colored lines above)
• Near-term risks relatively low
• Management can offer some risk mitigation
• 2057 results for -10% and -20% are unacceptable

No Climate Change

10% flow reduction 20% flow reduction

(Rajagopalan et al, 2009)

Risk of Reservoir Drying 2009 to 2057 – Can Management Mitigate?

Risk less than 
10% at 2057

Risk ~25% at 
2057

Risk ~50% at 
2057



Sustainable Water Deliveries in 
a Changing Climate – BP 2009

• New Metric for Risk – shortage amounts
• - 10% flow means shortages 58% of time by 2050, -20% 

88% of time shortages
• Mean annual shortages are ~10% 

of total deliveries or 1.5 maf
at -10% flow
(All of AZ’s CAP allocation) by 2050

• With different assumptions mean
shortages could by 3.0 maf/year

• Long term sustainable deliveries are
0 to -20% of current amounts



Common to Studies
• On a collision course between supply and 

demand
• When collision occurs is the real question
• It all depends on starting conditions…

– If Assume Deficit now, then problems very 
soon

– If no deficit now then more time
• There is a broad envelope of risk to 

consider
– This is the key lesson for the 21st Century –
– How do we build resilient systems???
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Rainfall During Last 12 Years



Australian Temps 2001-2005



Models May Not Set Lower 
Bound on Future Runoff
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Who Gets Shorted?
• Very Different Upper Basin and Lower Basin Implications 

– Upper Basin on the hook at first glance due to 75 maf/10 year compact 
delivery requirement

– But Upper Basin is not using full supply – using from 3.7 to 4.5 maf/year 
now vs. maybe 6 maf/year supply

– Lower Basin is using that excess water now to meet demands, including 
system losses, in excess of its 7.5 compact maf allocation

– Lower Basin (via Reclamation Contracts) has contracts for well in 
excess of 7.5 maf, and no provision for payment of losses within 
allocation. (e.g. assumption ‘extra’ UB water would pay for losses)

– So, Both UB and LB are threatened
• LB in the long run due to either climate change or UB growth will have to live within its 

compact allocation by reducing demand ~1.4 maf
• This primarily means Arizona
• UB may, or may not be able to grow its use depending on the intersection of the 

delivery requirement with available water in the future

– No study has addressed UB/LB issues yet...
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Lower Basin Ramifications
• Due to 1968 Act, Arizona’s 1.6 maf CAP 

deliveries first to receive shortages
– Price for CA support of the funding

• Current Rules short AZ and MX up to 600 kaf
(500 AZ, 100 MX)
– AZ agreed to rules in part because little current pain
– But at 1.6maf total shortage, AZ would struggle
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Upper Basin Musings
• UB is using from 3.7 to 4.5 maf/year
• Compact Delivery Requirement (IIId) was really an 

afterthought to compact negotiations
– The original goal of the CRC was equal UB/LB use

• While UB might tolerate no additional growth in use, they 
would not tolerate climate change related cutbacks 
below current use which would occur somewhere around 
12 maf

• Colorado is contemplating rules for new projects
– Avoid short term private sector gain for long-term public pain

• CRWAS Study is causing some serious re-thinking 
about water management
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Take Home Points
• Short-term Risk to the System is very dependent on current  low reservoirs

– Low Reservoir Levels heighten risk substantially regardless of future flows
– ‘Initial net Inflow’ is one key metric to overall risk

• There is an envelope of future risk that is highly dependent on 
– Changes in Inflows
– Demand Growth

• Range of Reservoir Drying at 2026 is 5% to 10%, at 2058 could be as high 
as 50%

• Either Demand Growth or Inflow Reductions will cause Lower Basin 
reductions over time – a certainty

• Inflow Reductions will reduce available water for Upper Basin Growth
• Now is the time to begin discussions about how we should operate these 

systems during extended droughts, not when Mead hits 1025.
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