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Developing Robust Climate Adaptation Plans
in the Water Sector

CORPORATION

—




Uncertalnty underlles almost every aspect:of
climate. adaptatlon plannmg

-z M‘Wﬁ* S SR S
=+ How mlght the climate Change’?

o Hdw might othe? Un'Cei't”ain 'drhivers interact
with cllmatlc changes to |mpact SOC|ety’?

"wh_ Hdﬂ’

M«ﬁ ik

7/ How do we support publlc dlalogue over
' choices 2.5 S i




.'r_;‘.’. J].I'“ _ = ’ m.

R PL =

Tradltlonal decision rﬁethods can backflre

In deeply uncertain conditions




Planners now require technical analyses that
support deliberations

“Deliberations with Analysis”

Innovative Data-Driven
Methods Participatory
Planning
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Informing Decisions in a Changing Climate (National Research Council, 200.



Methodologies go by different names and emphasize
different aspects of the planning challenge

Exploratory Analysis
Robust Decision Making (RDM)
Decision Scaling

Multi-objective Robust Decision Making
(MORDM)

Dynamic Adaptation Pathways
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1.

2.

3.

4.

5.

Key Concepts Underlying
Decisionmaking Under Uncertainty Methods

Evaluate a multitude of futures

— Reflecting what is plausible, not just most likely

— Informed by best available science

Define candidate strategies

— Interactive formulation

— Pareto optimal solutions

|dentify key vulnerabilities of candidate strategies
— “Scenario discovery”

Develop robust strategies that adapt over time as the
future unfolds

— Thresholds and triggers

Highlight key tradeoffs and support deliberations
— Distill analysis to irreducible tradeoffs

— Interactive visualization
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Robust Decision Making uses analytics to facilitate
new conversations between decisionmakers

1. Decision

Structuring

New
4. Tradeoff : 2. Case
3. Vulnerability /

v Analysis

Robust

strategies Descriptions of key

vulnerabilities 08



Decision structuring: decision stakeholders
work to define objectives/parameters

1. Decision
Structuring
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Decision structuring produces information needed to
organize simulation modeling in next RDM stage

Information generated: XLRM

X: Uncertain factors that may
affect ability to reach goals

L: Management strategies
(levers) considered to pursue
goals

R: Relationships among metrics,
levers, and uncertainties

M: Metrics that reflect decision
makers’ goals

30



Different Approaches to
Defining Candidate Strategies

e Use the “Current Plan”

* Survey stakeholders and compile portfolios of
options

* Find the optimal solution for one or a few
futures
— Linear programming
— Multiobjective Evolutional Algorithms (MOEAs)
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Case generation: evaluate strategy
iIn each of many plausible futures

2. Case
Generation

Descriptions of key
vulnerabilities
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Models simulate outcomes across
large sets of futures and strategies

Simulation Model(s)

Futures o ot =
g e T Outcomes
/ o = (per performance
Strategies . metrics)
Range of sampling strategies.
* Full factorial S~
« Latin Hypercube sampling S -

« Evolutionary algorithms

Database of



Vulnerability Analysis: Mine the database of cases to
describe descriptions of key vulnerabilities

3. Vulnerability /
Analysis
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Vulnerability analysis defines future conditions that
illuminate vulnerabilities of proposed strategy

1.Indicate
relevant cases
in database of
simulation
results

2.Statistical
analysis finds
low
dimensional
clusters with
high density of
these cases

Cluster represent
scenarios and driving
forces of interest to
decisionmakers
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Scenario Discovery Methods:

« Patient Rule Induction Method (PRIM)
« Classification and Regression Tree (CAR
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Vulnerability analysis provides information
to design more robust strategies

New
options

Descriptions of key
vulnerabilities
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Tradeoff Analysis: Allow decisionmakers to
compare key tradeoffs among strategies...

4. Tradeoff
Analysis
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...and define robust strategies

Elements of a robust

Strategy:
v « Set of near-term actions
« Sign-posts (or triggers)
Robust
strategies
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Key Tradeoff Visualizations
Focus Decisionmaking on What Matters

Current strategy - 120

Strategy updates

Strategy updates
+ 2 enhancements

Strategy updates

Increasing

+ 1 (replenishment) implementation
Strategy dlﬁiﬂ“ltly
+ 1 (efficiency)
Stratile{gyﬁygdates} [l static strategy
+ 1 (efficiency
Giriioy B Adaptive strategy

+ all enhancements

|
0 10 20 30 40
Number of high-cost cases
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This approach has been applied across the globe...

RAND applications

Northern
California

Southern
California

ew York City
hesapeake Bay

ﬁa E Florida

Lo
and Gulf
Colorado

River Basin Lima,
Peru

See: RAND Water and Climate Resilience Center—www.rand.org/water Slide 40



...and in many different settings

Flood Risk
Management

ater Resources Community Coastal
Planning Resilience Resilience

& | i || -

Slide 41
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Ensuring Robust Water Management Strategies
in Lima-Callao, Peru

Nidhi Kalra | Director, RAND Center for Decision Making Under Uncertainty
David Groves | Director, RAND Water and Climate Resilience Center
Laura Bonzanigo | Policy Analyst, World Bank
Edmundo Molina Perez | RAND
Cayo Ramos | Professor, Catholic University of Peru
Ivan Rodriguez Cabanillas | Planner, SEDAPAL
Carter Brandon | Global Lead Economist, World Bank
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Lima faces major water-related challenges

« 6mm rainfall annually

« Depends on water from three river
basins

— Andean glaciers nearly gone

— Andean rainfall is vulnerable to climate
change




Lima faces major water-related challenges

* Persistent water shortages
1M underserved poor
« Competition among users
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Demand Regions
Central Lima

[ Eastern Lima
Northern Lima and Callao
[ Southern Lima

Project Type
3¢ Desalination Plant

1T Groundwater
@ Reservoir
@ Reservoir and Water Treatment Plant
@ Reservoir and Water Treatment Plant (trans Andean)
+— Transmission and Water Treatment Plant

© Water Treatment Plant

)

Pun Run Res / Chillon WTP

SEDAPAL’s US$ 2.7 Billion
Master Plan to 2040

Jacaybamba Res

O

Chancay Res / Huaral WTP C;sacancha Res

T@.:_.‘.

S Antonio Res / Chillon WTP

Chancay GW .
% @' - Autisha Res / Lurigancho WTP

® . -

Pomacocha Res / Huachipa WTP

Chosica WTP / Graton Tunnel

Ventanilla D¢

Lima Sur Desal

: —
Canete Trans / WTP
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But future demand is deeply uncertain

« Rapid population growth may or may not
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* Per-capita water use may change
— Affluence - more water consumption
— Better technologies = less water consumption



And future climate is deeply uncertain

« Climate projections
disagree

* Droughts may become
more common

Much less Much more
precipitation precipitation
15% +23%
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Demand Regions
Central Lima

[ Eastern Lima
Northern Lima and Callao
[ Southern Lima

Project Type
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The $2.7 Billion Question:

How can SEDAPAL prioritize these projects
so that their plan is robust?

« Ensuring water reliability in widest range of cases

« Economically efficient




(300 demand/streamflow conditions x 2 project feasibility conditions)
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We simulated Lima’s water system and
assessed water reliability for each future

Monthly time series of
demand and streamflow
Which of 14 projects to
implement

WEAP model of
existing system and
proposed projects

90t percentile of
monthly met demand




We Developed a Decision Support Tool to Support
Project Development and Showcase Results

Vulnerability
Effects, Costs

p of Projects and 300 Demand and Baseline Vi
mand Areas Streamflow Futures in 300 Futures Effec
Cost Effectivenes

Project Timeline Ma
De

Welcome About This Tool

A Robust Strategy for Implementing
Lima’s Long-Term Water Resources

Master Plan

May, 2015

sedapal

——
THE WORLD BANK b= bl B

Developed using Tableau — deployed via the web



Current system is vulnerable to
most futures
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Complete implementation of $2.7B
Master Plan improves performance
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Change in Dry Season Streamflows
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We used an optimizer to build the optimal portfolio for
each budget, based on cost effectiveness

Autisha Res / Lurigancho ..
Canete Trans / WTP
Casacancha Res

Chancay GW

Chancay Res / Huaral WTP
Chosica WTP / Graton Tu..
Jacaybamba Res

Lima Sur Desal

Lurin WTP

Pomacocha Res / Huachi..
Pun Run Res / Chillon WTP
S. Antonio Res / Chillon ..

Ventanilla Desal
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We found the optimal portfolio in each future

Reliability achieved with 6-project

60% portfolio at 50% of the budget :*
x Aad

40% $

Reliability cannot be
20% ’¥ achieved at any budget

0% »
There are no cases where reliability
cannot be achieved with a 75% budget,

but can be achieved with a 100% budget

N
o
S

Change in Dry Season Streamflows

S
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- Weo ®
Reliability achieved with 10-project "}
-60% L portfolio at 75% of the budget &X § x

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
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If SEDAPAL knew the future, it could choose
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40%

20%
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£ -20%

Change in Dry Season Streamflows
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-60%

the most robust portfolio

Region 1

50%, 75%, and 100%
Budget and Limited
Project Feasibility

700 800 900 1000 1100

Region 2

50% Budget
and Full Project
Feasibility

1200 1300

Region 4

Reliability cannot
be achieved

Region 3

75% and 100% Budget

Full Project Feasibility

1400 1500 1600 1700
Total Demand (Mm3)

1800



Full Project Feasibility

Limited Project Feasibility

Without knowing the future, can SEDAPAL

can still make some smart choices?

100% Budget, Full
Project Feasibility

75% Budget, Full
Project Feasibility

50% Budget, Full
Project Feasibility

100% Budget, Limited
Project Feasibility

75% Budget, Limited
Project Feasibility

50% Budget, Limited
Project Feasibility

EEEEEN-

. Canete Trans /| WTP

Chosica WTP / Graton

. Pomacocha Res /
Huachipa WTP

S. Antonio Res / Chillon

WTP

. Ventanilla Desal




A decision tree helps SEDAPAL navigate the
uncertainty in the near-term, mid-term, and long-term

Near-Term Mid-Term ! Long-Term
& iBili ! b Full Proj F ibili
+ Cafate Trans/WTE {Mo additional projects)
+ Casacancha Res . Climate and 5 : _ .
. o o . by | i
Chosica Res/Graton WTE Demand? : - Chancay GW
- i — * Chancay Res/Hural WTP
i ! * Lima Sur Desal
o~ + Jacaybamba Res
.l 75% Budaget, Full Project Feasibility
.hnd Additional Actions
F . Chancay GW
* Chancay Res/Hural WTP
Lima Sur Desal
Near Term . Jacaybamba Res
* Atarjea WTP + Additional actions beyond Master Plan
= Lurin WTP
* Pomacocha
Res/Huachipa Ty
WTP Climate and
¢ Demand? 5
. 50% Bud it st Eaaeibli
. - "'\ _}.{Nu additional projects)
- |
+ Chancay GW | T
+ Chancay Res/Huaral WTP
* Lima Sur Desal New actions beyond Mater Plan
» Additional achions beyond Master Blan
LE E!'Id e : Future conditions
g Feasibility undetermined
Implemeant welsr g
E rher
rojects . . less mare
. onitor uncertainties . Limited feasibility demand demand




This project helped SEDAPAL...

* Understand its Master Plan more fully
— Assess climate change threats without first needing to
predict the future climate.
— ldentify projects that particularly important for achieving

water reliability.
— Reveals the strengths and vulnerabilities of its Master Plan

specifically and concisely



This project helped SEDAPAL...

* Understand its Master Plan more fully

— Assess climate change threats without first needing to
predict the future climate.
— ldentify projects that particularly important for achieving

water reliability.
— Reveals the strengths and vulnerabilities of its Master Plan

specifically and concisely

* Implement its Master Plan robustly
— ldentify near-term, no-regret projects it can embark upon

now
— Pursue additional actions adaptively as future conditions

evolve



This project helped SEDAPAL...

* Understand its Master Plan more fully
— Assess climate change threats without first needing to
predict the future climate.
— ldentify projects that particularly important for achieving
water reliability.

— Reveals the strengths and vulnerabilities of its Master Plan
specifically and concisely

* Implement its Master Plan robustly

— ldentify near-term, no-regret projects it can embark upon
now

— Pursue additional actions adaptively as future conditions
evolve

....plan for the future without first predicting it



Check out the Decision Support Tool and
Project Report

A Robust Strategy for Implementing Lima’s Long-Term Water Resources Master Plan

Welcome

A Robust Strategy for Implementing
Lima’s Long-Term Water Resources
Master Plan

May, 2015

sedapal
———r

THE WORLD BANK @ s:;si’d:;fe%agnigc
http://goo.gl/BRojPW

Report Mo: ALS3E

Republic of Peru

Robust Decision-Making in the Water

Sector

A Strategy for Implementing Lima’s Long-Term Water
Resources Master Plan

June 30, 2018

Authors:

Midhi Kalra®, David G. Groves’, Laura Bonzanigo®, Edmundo Molina Perez', Cayo
Ramos?, Carter Brandon?, and lvan Rodriguez Cabanillas*

GWADR
LATIM AMERICA AND CARFSBEAN

1. Ewolving Logic, Inc.

2_The Wordd Bank

3. Universidad La Maolina. Lima, Peru
4. SEDAFAL

http://g00.gl/e1Ch7t




RAND

CORPORATION

David Groves (groves@rand.org)
www.rand.org/water

www.rand.org/methods/rdmlab.html
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Supporting the Colorado River Basin Study
With Robust Decision Making




Provides water and
power for 40 million
people in 7 states and

22 tribes
Supports billions of

dollars in economic
activity annually

Irrigates 15% of U.S.
crops

Lifeline for 24 national
parks, wildlife refuges,
and recreation areas

| 5.5:‘:'%% = e !
e Lake Powell |

llllll
Gorge

& Lee Ferry

Novites

The Colorado River Basin is a vital natural resource
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Climate change and other trends

threaten its successful management

Water Supply
(10-year Running Average)

Historical Supply and Use

Water Use
(10-year Running Average)

Projected Future Supply and Demand

Projected Water Demand

Projected Water Supply
(10-year Running Average)

e . R — - — - — == = — - I — . T T — - —

Source: US Bureau of Reclamation,
2012

Interactive Supply and Demand

2008 fmmmmm e

2013

2018

2023
2028
2033
2038
2043
2048
2053
2058

2063
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Why did we use RDM?

2. Case
Generation
Make sense of
3. Vulnerability thousands of
Analysis plausible futures

Develop
robust Robust
adaptation strategies Descriptions of key

strategies vulnerabilities
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Basin States developed thousands of futures

6 Demand scenarios 1,959 Supply traces

- X

Resampled observed
Paleo resampled
Paleo conditioned
Downscaled GCM
projections

X 2 Operational regimes

= 23,508 futures
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Configured Colorado River Simulation System
(CRSS) evaluated system performance

Reclamation’s official
model of Colorado River
system

— RiverWare™ (CADSWES)

Driven by monthly
streamflow traces at 29

locations

Demand projections for il
over 400 entities pe= = S T
Simulates operations of

twelve reservoirs and

required minimum flows PIVETLTE CADSWES Side 74




Long-term Average Flow [maf]

We analyzed simulation results to identify

| ONotVulnerable vulnerable traces,

Upper Basin vulnerabillities

 Describes 85% of

(coverage)
e 87% of traces in
conditions are

vulnerable
(density)
x <
X Declining Supply
= R T T ‘/" Vulnerable Conditions
X% '
| _ . 1 _ ~ [11.2 maf _ _
7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0

Average Dry Year River Flow [maf]

Declining Supply Vulnerable Conditions

* Long Term Average streamflow < 13.8 MAF
« 8-year dry spell with average streamflow < 11.2
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Long-term Average Flow [maf]

We analyzed simulation results to identify
Lower Basin vulnerabilities

0 : * Vulnerable

Lo [ ONot_VulnerabIe

160 :
I
15.0 maf

h¥4
i

150
140+

13.0+

. +—1 Vulnerable Conditions

T

. Low Historical Supply |

100 110 120 130 140 150

Average Dry Year River Flow [maf]

Describes 86% of
vulnerable traces
(coverage)

72% of traces in
conditions are
vulnerable
(density)

Low Historical Supply Vulnerable Conditions

* Long Term Average streamflow < 15 MAF

« 8-year dry spell with average streamflow < 13
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Adaptation strategies were developed combining
stakeholder judgment with quantitative analysis

4

Stakeholder/expert judgment Quantitative analysis
Proposed and characterize > Developed cost and
individual options (~80) yield estimates

* Supply augmentation
« Demand management

Defined four “strategies” Defined prioritized portfolios of
representing preferences over > options based on cost effectiveness
option types criterion and preferences

Portiolio Developmen
RECLAMATION

Portfolio Development Tool




Modeled adaptive implementation of portfolios
using triggers tied to vulnerabilities

1250

1200

e -5 —t —
o o - —
o I o wn
o o o o

Mead Pool Elevation [feet] %

B Current Management
g50 [ Baseline Strategy @ No Trigger Observed
B Aggresive Strategy A Trigger Observed

800
O MNOOT NN T OULMNDDT NN O OND
OO0 o000 CPooooooocPooooc &@o OO0 ocoOoD
NN N SN NN NS AN AN SYS NN NN SN
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Analysis highlighted key tradeoffs across strategies:
vulnerability reduction vs. cost

| Upper Basin Vulnerability (Lee Ferry Lower Basin Vulnerability (Lake Mead

Deficit) Pool Elevation < 1,000 feet msl)
o Baseline:33% |
S  30%-
> 9
|
Low Historical ag 20%-
Su = .
pph; E? 1[]%‘53_5&“'-*"]%_ g i e - I
E ; 1., **
e 0% -
B 300, . Baseline: 30% Baseline: 71% Portfolio C
=2 ol Portfolio B B -+
| o8 20% e T b
3 10% . PortfolioB /"
2 Portfolio C AT Portfolio A
o 0% | Portfolio A
2 3 4 5 6 7 5 3 4 & 6 7

Total Annual Cost in 2060 [$ billion] Total Annual Cost in 2060 [ billion]
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Simulations of adaptive strategies identified
frequency and timing of option implementation

(‘

Options included in _<
adaptive strategy

Option

Ag Conservation LB- Transfer (Step 1)
Ag Conservation UB- Transfer (Step 1)
Ag Conservation LB- Transfer (Step 2)
Ag Conservation UB- Transfer (Step 2)
M & | Conservation LB (Step 1)

M & | Conservation UB (Step 1)

Ag Conservation LB- Transfer (Step 3)
Ag Conservation UB- Transfer (Step 3)
Desal-Yuma Area Groundwater

Ag Conservabion LB- Transfer (Step 4)
Ag Conservation UB- Transfer (Step 4)
M & | Conservation LB (Step 2)

M & | Conservation UB (Step 2)
Watershed-Weather Modification (Step 1)

Ag Conservation LB- Transfer (Step 5)
Ag Conservafion UB- Transfer (Step 5)
Desal-SoCal Groundwater

M & | Conservation LB (Step 3)

M & | Conservation UB (Step 3)
Desal-Salton Sea Drainwater (Step 1)
Reuse-Municipal (Step 1)

Desal-Salton Sea Drainwater (Siep 2)

M & | Conservation LB (Step 4)

M & | Conservation UB (Step 4)
Desal-Salton Sea Drainwater (Step 3)
Reusa-Municipal (Step 2)
Reuse-Industrial

Watershed-Weather Modification (Step 2)
Reuse-Municipal (Step 3)

M & | Consarvation LB (Step 5)

M & | Conservation UB (Step 5)
Reuse-Municipal (Step 4)

Energy Water Use Efficiency-Air Coaling
Reuse-Municipal (Step 5)

Frequency of implementation
1o I | . 100%

Always
implemented

m""m

GOoDn
|m_
| oootpev -

Sometimes
implemented

Rarely
implemented

Portfolio D:
Common options
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Subsequent analysis suggests pathways for
implementing a robust, adaptive strategy for Basin

Prepare for:
2012-2020 2021-2030 2031-2040 2041-2050 2051-2060

Low historical

Streamflow

Below historical
streamflow with
severe droughts

K.
Severely m 21 - - 36— - - _ - _

declining
streamflow
00— =
New supply/demand reduction required [maf]

Adapted from Bloom (2014) 81



How did RDM inform the
Colorado River Basin Study?

RECLAMATION

Managing Water in the West

Colorado River Basin
~ Water Supply and Demand Study

Exeeutive Summary

www.usbr.gov/lc/region/
programs/crbstudy/finalreport/

Organized stakeholder input about
uncertainties, metrics, options

|[dentified key vulnerabilities
to future uncertainty

Structured design of
alternative adaptive strategies

Highlighted key tradeoffs among
adaptive strategies

Defined near-term actions for
implementation
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Additional publications and briefs online

Adapting to a Changing Colorado River

Adapting to a Changing LT e

COIOrOdO R|Ver Adapting to a Changing Colorado River: Making Future Water

: _ , Deliveries More Reliable
Making Future Water Deliveries More Reliable

Through Robust Management Strategies

Aswater needs grow and climate conditions change, Colorado River managers and users look for ways
to prepare for the future.

David G. Groves, Jordan R. Fischbach, Evan Bloom, Debra Knopman,
Ryan Keefe

_ RAND Interactive Research Brief
(www.rand.org/jie/projects/colorado-river-
basin/interactive-brief.html)

RAND Research Report
(www.rand.org/pubs/research_reports/

RR242.html)
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