
unltedntons abdus salameducational, scientific
and cultural
organization

international atomic
energy agency

the

international centre for theoretical physics

SMR.1307 - 2

Advanced Course:
CLIMATE CHANGE IN THE MEDITERRANEAN REGION
PART II: SOCIO-ECONOMIC ASPECTS AND IMPACTS

(12 - 16 November 2001)

"Vulnerability and Economic Impacts of
Climate Change on Mediterranean Water Resources:

Lessons from U.S. Studies"

Brian H. HURD
Department of Agricultural Economics &

Agricultural Business
New Mexico State University

Las Cruces, New Mexico
U.S.A.

These are preliminary lecture notes, intended only for distribution to participants

strada costiera, I I - 34014 Trieste italy - tel. +39 04022401 I I fax +39 040224163 - sci_info@ictp.trieste.it - www.ictp.trieste.it





[^Vulnerability an<^ Economic Impacts of
Climate Change on Mediterranean Water
Resources: Lessons from U.S. Studies

• is

Dr. Brian H. Hurd
Department of

Agricultural Economics
and Agricultural Business

New Mexico State University
?l Las Cruces, New Mexico
J USA

Abdus Salam International Centre for Theoretical Physics

November 12-16,2001

Course Objectives

Enhance understanding of
water resource assessment
methods

Develop and organize water
resource data and information

Design indicators of water
resource use and vulnerability

Construct an economic model
to examine watershed policies
and economic impacts



Overview

1. Water resources: define, identify, and
characterize their condition and use

2. Competition for and conflict over WATER

3. Vulnerability of water resource services to
multiple stressors:

e.g., pollution, overuse, climate change

4. Strategies for coping with vulnerability and
scarcity

5. Watershed planning: models that integrate
concerns and help us look forward

6. What does the future hold?: Possible Climate
Change

1.
Water resources: define,
identify, and characterize
their condition and use



V Relationship between Economic and
Environmental Systems

Amenity and
Recreation

' Waste
Assimilation

Nonuse
Benefits

Natural
Resources

v Surface-Water Resources:
Streamflow Records

Map of real-time streamflow compared to
historical streamflow for the day of the year

Wednesday, November 7,2001 18:20GMT



rface Water

Multiple Uses
• Domestic

• Industrial

• Agriculture

• Navigation

• Recreation

• Electric Power

• Wetlands

• Pollution Control

round-
Water
Resources

Key Characteristics

• Extent and location

• Depth and volume

• Quality

• Recharge Source and
Rate



Wetlands, Habitat, Environment

Key Issues

1 Pollution
- Heavy metals
- Pesticides

- Nutrients
1 Dissolved Oxygen
1 Temperature
1 Diurnal and Seasonal

Streamflows <ijjtju

ossible Water Issues In the
Mediterranean

Water supply to meet
growing demands
- storage/capital improvements
- reallocation/transfers
- rural drinking water

Expanding environmental needs
- maintaining/enhancing water quality
- endangered species

Managing existing supplies
- flood planning response

Legal and institutional challenges
- inadequate/inappropriate government involvement
- interstate/international conflicts/requirements
- disputes among water users



2.
Competition for and

conflict over WATER

Cities Under Pressure



Farms Under Pressure

3.
Indicators of Vulnerability to

Climate Change



Water Resource Stress:
A National Perspective

"Relative Regional Vulnerability of Water Resources to Climate Change"

Co-Authors: Neil Leaiy (IPCC formerly with USEPA)
Russel Jones (Stratus Consulting)
Joel Smith (Stratus Consulting)

Originally Published in-Journal of the Armican Water Resources Association. 1999. 35(0:1399-1410.

Republished in: Water Resources Journal, United Nations. 2000. n. 204(March): 17-28.

and as a chapter in Climate Char&and'WaterResouwes, K Frederick (ed.), forthcoming, Edward Elgar.

V
•

•

•

Vulnerability Indicators

Watershed Based (204 USGS Watershed Classification)

3-tiered classification of relative vulnerability

- (1) low

- (2) moderate

- ( 3 ) high

Vulnerability is based on relative distribution of numeric

scores
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Indicators for Supply
and Consumptive Use

Level of Development
(share of annual streamflow withdrawn for use)

Natural Variability
(CV of annual streamflow)

Dryness Ratio
(share of precipitation evapotranspired) •

Indicators for Supply
and Consumptive Use (cont.)

Groundwater Depletion
(groundwater withdrawals to average baseflow)

Industrial Water-Use Flexibility
(share of withdrawals consumed)

Institutional Flexibility
(relative costs of water transfers)



w Indicators for Instream Uses

Flood Risk
(population in 500 yr. floodplain)

Navigation
(average annual dredging costs)

Ecosystem Thermal Sensitivity
(number of extreme temperature days)

Indicators for Instream Uses (cont.)

Dissolved Oxygen
(% of observations <5mg/l)

Low Flow Sensitivity
(average baseflow cfs/miA2)

Species at Risk
(number of aquatic/wetland species at risk)

10



Vulnerability Summaries

Consumptive Use

Instream Use

Overall Index

Key Findings

Vulnerability can vary significantly
within large scale water resource areas.

Supply and use vulnerability generally
increases from east to west. Greatest
in Southwest, California, Great Plains,
and Texas.

Instream use vulnerability (including
flooding), generally increases from
north to south. Greatest Southwest,
Southern Plains, Mid-Atlantic, and
Southeast.

11



4. Strategies for
coping with

vulnerability and
scarcity

Ways We Can Better Cope

Improve water management systems
- develop models and approaches to evaluate institutional changes for

more equitable and efficient prices and allocations
- develop more complete and dissaggregated data on demographic

trends and water use characteristics to improve demand forecasting
- improve weather and climate forecasting capability and the

accessability and use by irrigators

Increase urban and agricultural water-use
efficiency
- develop water reuse and recycling infrastructure for new urban

developments
- increase the accessability of water-saving technologies for both

urban and rural users

12



5.
Watershed planning: models
that integrate concerns and

help us look forward

Objectives of Watershed Models

Represent major spatial, physical, and
economic characteristics of water
supply and use

Evaluate welfare, allocation, and
implicit price changes associated with
alternative hydrologic, management,
and institutional conditions

Identify opportunities to improve
water management systems from a
watershed perspective

13



v River Basin Model:
Economic Objectives Subject to Structural and Institutional Constraints

Consumptive and nonconsumptive
economic services
- Agriculture, municipal and industrial,

thermoelectric
- Hydropower, navigation, flood

damages, water quality

Constrained by inflows, river
characteristics, institutional provisions

Outcomes indicate efficient water use,
river flow, and storage
- Across the mixture of users
- Upstream and downstream services
- Intertemporal allocation

Economic Principles

Q

Allocative efficiency depends on water
supply and demand

Water supply is generated primarily from rainfall and
tributary inflows - can be stored or used

Water demand derives from the value of the services
that water performs (economics and ecology)

Lesson 1: Single Sector Market (undergraduate level)

Lesson 2: Two Sector Market (graduate-level)

14



6.
What does the future hold?:
Possible Climate Change

Possible Climate Futures for the
American Southwest:

Temperature

Source: The Potential Consequences of Climate Variability and Change (NAST 2000).

15



Possible Climate Futures for the
American Southwest:

Precipitation

Source: The Potential Consequences of Climate Variability and Change (NAST 2000).

Watershed Management: An Approach
To Watershed Modeling

"Economic Effects of Climate Change on U.S. Water Resources,"

Co-Authors: Mac Callaway (RISOE, Denmark)
Joel Smith (Stratus Consulting)
Paul Kirshen (Tufts University)

Originally Published in: The Impact of Climate Change on the United States
Economy, Robert Mendelsohn and James E. Neumann (eds.), Cambridge University
Press, Cambridge.

Republished in: Water Resources and Climate Change, Chapter 17, Ken Frederick
(ed.), 2002, Edward Elgar Publishing.
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Modeling Overview

Climate Change Scenario

Temperature '
^Precipitation,,

Hydrologic
Model

VIC Model

Temperature ̂
Precipitation^

River Basin Spatial
Equilibrium Models

; Colorado (COBEM)
Missouri (MOBEM)
Delaware (DEBEM)
Apalachicola-Flint-
Chattahoochee (ABEM)

- Welfare

. Water Use
consumptive
nonconsumptive \

Storage
, Prices

Climate Scenarios in the U.S. Study

Simulations used incremental changes in temperature and precipitation

Baseline
+2.5°C, +7%P
+5.0°C, +7%P
+1.5°C, +7%P
+2.5°C, -10%P
+2.5°C, +15%P

+5.0°C, -10%P
+5.0°C, +15%P
+1.5°C, +15%P
+1.5°C, -10%P
+5.0°C, +0%P

17



Model Basics

• Develop a schematic diagram of the watershed, system
- Describes physical structure (tributaries, inflows, and

reservoirs
- Identifies and locates watershed services
-~ Show diversion points and instream uses

• Derive estimates for the model's objective function
- Develop demand and supply curves for each service based

on water diversion or instream flow

• Describe model constraints
- Mass balance (upstream to downstream flow)
- Intertemporal storage in reservoirs
- Institutional flow restrictions

Outcomes: Colorado River Watershed

Projected hydrologic

and runoff changes

Estimated changes in

runoff and allocation in

the Lower Colorado

watershed

Economic impacts

across die watershed

18



Outcomes: Across Watersheds:
Colorado River, Missouri River, Delaware River, Appalachicola-

Chattahoochee-Flint Rivers

Agriculture

Hydropower

Total Welfare

Major Inferences

Total welfare impacts are mitigated by market
exchanges of between low and high valued users

In periods of severe drought, the inflexibility of
institional constraints, such as fixed volume
provisions of Compacts in the western watersheds,
exacerbates total welfare losses, particularly to
upstream users.

Hydrologic changes can have significant impacts on
instream uses, which can exceed, in percentage terms,
impacts to consumptive users.

19



Future Research

Improve model calibration and validation
- Baseline specifications to enhance model
- Use 'positive mathematical programming' techniques to calibrate to

baseline allocations

Examine model properties, e.g., robustness of results to changes in
modeling assumptions, spatial and temporal scale, and variability of runoff

Develop ecosystem objectives/constraints and improve water quality
modeling

Enhance utility and policy relevance

Develop models for additional regions

Water, Food, and Quality of Life:
Take Home Messages

Models are useful tools that can help
plan and manage for a sustainable
water future

Consider market-based solutions: send
the right messages to producers and
consumers about water scarcity

Encourage strategies that are flexible
and that can adapt to changing
conditions and uncertainties

20
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Water Resource Stress:
A National Perspective

"Relative Regional Vulnerability of Water Resources to Climate Change"

Co-Authors: Neil Leaiy (IPCC formerly with USEP A)
Russel Jones (Stratus Consulting)
Joel Smith (Stratus Consulting)

Originally Published in: Journalof 'the American Water Resources Association. 1999.35(6):1399-l4lO.

Republished in: Water Resources Journal, United Nations. 2000. n. 204(March): 17-28.

and as a chapter in Climate Char^ and WaterResources, K Frederick (ed.), forthcoming, Edward Elgar.

USGS Water Regions (4 digit)

100 200 300 400

0 100 200 300 400 500 600 700

HUC Index: dt/ginwater/giis/projsctsAiucirKlx^til May 17,1999
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Distribution and Supply
Table 3-1

Summary of Water Resource Vulnerability Indicators

Indicator
Distribution System
Water Use to
Storage
Qw/S

Level of
Development
Qw/Qs

Natural
Variability
<VQs

Dry ness Ratio
(P-Qs)/P

Description
and Supply Indicators
Ratio of total annual average
surface and groundwater
withdrawals in 1990 (Qw) to total
active basin storage (S).
Ratio of total annual surface and
groundwater withdrawals in 1990
(Qw) to unregulated mean annual
streamflow (Qs).

Coefficient of variation of
unregulated streamflow,
computed as the ratio of the
standard deviation of annual
streamflow (<^s) to the
unregulated mean annual
streamflow (Qs).

Share of total average annual
precipitation (P) that is lost due
to evapotranspiration (ET),
where ET is defined as P-Qs.

Criteria Threshold1

1 = Low Vulnerability
2 = Medium Vulnerability

3 = High Vulnerability

Vulnerability class: 1 (O.6),
2 (0.6-3), 3 (>3).

Vulnerability class: 1 (O.2),
2 (0.2-0.85), 3 (>0.85). This
ratio reflects the extent to
which a watershed's water
resources are developed for
consumptive uses.

Vulnerability class: 1 (<33%),
2(33-67%),3(>67%).
Relatively high ratios indicate
regions of extreme variability
and, therefore, greater
vulnerability to small
hydrologic changes.

Vulnerability class: 1 (<63%),
2 (63-78%), 3 (>78%). Regions
with the highest
evapotranspiration losses are
most vulnerable to relatively

Area of Concern
General
Water

Use

•8-

Consumptive
Demand

•fr

•fr

Instream Use
Ecosystem'

Water Quality

•8"

Groundwater, Domestic, M&I
Table 3-1 (cont.)

Summary of Water Resource Vulnerability Indicators

Indicator
Consumptive Use a

Groundwater
Reliance
Q G W / Q W

Groundwater
Depletion
QGw/QBa*

Vulnerability of
Domestic Water
Uses
l.Qs/pop.
2. (Qs-Qw)/pop.

M&I Water Use
Share
Qwm&i/Qw

Description
nd Institutional FlexibiUty Indies
Share of total annual withdrawals
derived from groundwater in
1990.

Ratio of average groundwater
withdrawals in 1990 to annual
average baseflow, reflecting the
extent that groundwater use rates
may be exceeding recharge.

Two measures estimating per
capita water availability. The first
measures per capita average
annual streamflow (Qs). The
second nets withdrawals (Qw)
from streamflow.

Municipal and industrial sector
share of total average annual
withdrawals.

Criteria Threshold1

1 = Low Vulnerability
2 = Medium Vulnerability
3 = High Vulnerability

itors

Vulnerability class: 1 (<0.1), 2 (0.1-0.6),
3 (>0.6). Regions with relatively high
groundwater reliance could be vulnerable to
surface supply changes.

Vulnerability class: 1 (<8%), 2 (8-25%),
3 (>25%). Regions with high depletion rates
are vulnerable to long-run changes in
hydrology.

Vulnerability class for streamflow per capita:
1 [>20 million gallons per person per year
(Mgpy)], 2 (5-20 Mgpy), 3 (<5 Mgpy).

Vulnerability class for net streamflow per
capita: 1 (>10 Mgpy), 2 (3-10 Mgpy),
3 (<3 Mgpy).

Vulnerability class: 1 (<10%),2 (10-40%), 3
(>40%). Regions with high shares may have
less flexibility in satisfying M&I water
demands.

Area of Concern
General
Water

Use
tive

Demand

•5-

Instream
Use

Ecosystem/
Water
Quality
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Agriculture. Flexibility
Table 3-1 (cont.)

Summary of Proposed Water Resource Vulnerability In dicators

Indicator

Consumptive I
Agricultural
Water Use
Share
Qwag/Qw

Industrial
Water Use
Flexibility

Institutional
Flexibility

Description

se and Institutional Flexibility In die at
Agricultural sector withdrawals (Qwag)
as a share of total average annual
withdrawals.

Share of total annual average
industrial water use that is consumed
(i.e., not returned to the system).

An integer-based flexibility score
ranging from one to five is assigned to
each state based on the relative degree
of barriers to water trading.

Criteria Threshold1

1 = Low Vulnerability
2 = Medium Vulnerability
3 = High Vulnerability

ors (cont.)
Vulnerability class: 1 (>70%),
2 (20-70%), 3 (<20%). Because
agriculture can serve as a source of
water during periods of low supply,
regions with relatively low shares of
agricultural water use may have less
flexibility in satisfying water
demands

Vulnerability class: 1 (<10%),
2 (10-40%), 3 (>40%). Greater rates
of consumptive use by industry can
indicate more intensive use of
relatively expensive water-saving
technologies, and, therefore, less
flexibility in achieving further water
savings in periods of low supply.

Vulnerability class: 1 (flexibility
score 0 or 1), 2 (flexibility score 2
or 3), 3 (flexibility score 4 or 5).
States permitting water trading,
such as most with prior
appropriation, are more flexible in
adapting to hydrologic changes.

Area of Concern

General
Water

Use

*

Consump-
tive

Demand

t

*

*

Instream
Use

Ecosystem/
Water
Quality

*

Hydropower, Flood, Navigation

Table 3-1 (cont.)
Summary of Water Resource Vulnerability Indicators

Indicator
Instream Use In
Hydropower
Capacity

Flood Risk

Navigation

Description
dicators
Distribution of regional hydroelectric
power capacity, in megawatts (MW).

Population within the 500-year flood
plain.

Average annual expenditures on
dredging activities in navigable
waterways.

Criteria Threshold1

1 = Low Vulnerability
2 = Medium Vulnerability
3 = High Vulnerability

Vulnerability class: 1 (<10 MW),
2 (10-500 MW), 3 (>500 MW).
Identifies regions where hydroelectric
producers as a whole are most at risk to
losses from reduced streamflow.

Vulnerability class: 1 (<20,000),
2 (20,000-200,000), 3 (>200,000).

Vulnerability class: 1 (<$2 million),
2 ($2-$20 million), 3 (>$20 million).
Higher expenditures indicate relative
importance of waterway and
magnitude of existing efforts to clear
waterway. Higher streamflows could
result in greater deposition of
sediment, while lower streamflows
could require additional dredging to
maintain navigable waterways.

Area of Concern
General
Water

Use

Consump-
tive

Demand
Instream

Use

*

*

*

Ecosystem/
Water

Quality



Snow, Ecosystem (ice/heat)
Table 3-1 (cont.)

Summary of Proposed Water Resource Vulnerability In dicators

Indicator Description

Criteria Threshold1

1 = Low Vulnerability
2 = Medium Vulnerability
3 = High Vulnerability

Ecosystem/Water Quality In dicators

Snow
Influence

Ecosystem Ice
Cover
Sensitivity

Ecosystem
Heat
Sensitivity

Share of average annual precipitation
(P) that falls as snow(Ps) (i.e., snow
water equivalent).

The average annual number of days
with average temperatures below 0"C.

The average annual number of days
with maximum temperatures exceeding

Vulnerability class: 1 (<12%),
2 (12-36%), 3 (>36%). Regions where
snowmelt accounts for a significant
share of available moisture are most
vulnerable to shifts in seasonal
precipitation.

Vulnerability class: 1 (<32 days),
2 (32-85 days), 3 (>85 days). Many
ecosystems, particularly lakes and
forests, have evolved with specific
cold weather requirements.

Vulnerability class: 1 (<15 days),
2 (15-40 days), 3 (>40 days). Extreme
heat is a significant source of stress
on ecosystems. Even regions adapted
to relatively high temperatures may
not easily tolerate even small
increases in maximum temperatures.

Area of Concern

General
Water

Use

Consump-
tive

Demand
Instream

Use

Ecosystem/
Water
Quality

•S-

Dissolved O2, Low Flow, Species
Table 3-1 (cont.)

Summary of Proposed Water Resource Vulnerability In dicators

Indicator Description

Ecosystem/Water Quality Indicators (cont)

Dissolved
Oxygen

Low Flow
Sensitivity

Species at Risk

Percent of observations of ambient
concentrations less than 5 mg/1.

Unregulated mean baseflow in
millions of gallons per day (Mgd), the
amount of streamflow originating
from groundwater outflow.

Number of aquatic/wetland species
known to be at risk, either threatened
or endangered.

Criteria Threshold1

1 = Low Vulnerability
2 = Medium Vulnerability
3 = High Vulnerability

Area of Concern

General
Water

Use

Consump-
tive

Demand
Instream

Use

Ecosystem/
Water
Quality

Vulnerability class: 1 (<3%),
2 (3-15%), 3 (>15%). Dissolved
oxygen levels in waterways decline
with increasing temperatures, causing
stress to aquatic wildlife.

Vulnerability class: 1 (>4,800 Mgd),
2 (800-4,800 Mgd), 3 (<800 Mgd).
Baseflow is a measure of the capacity
of a watershed to sustain instream
flows during low-flow periods. Aquatic
ecosystems within watersheds with
relatively low baseflows are most
vulnerable to periods of severe and
sustained drought.

Vulnerability class: 1 (<5 species),
2 (5-13 species), 3 (>13 species). *

1. Vulnerability classifications were generally determined after examination of the data distributions.



Water-Use to Storage

VuJnerafciSty level 2 <0.7S - 2.5)

VtfnwabBSy level 3 <<0.75)

Noso: Ranjjes c"«&ieC as ratio of total actsve storage &v«3eC
by totaf annua? ?re»h surface wator v^hc^awals in 199S.

B /P Level

Hydrc^OQlc Unit 8ounda?y ^ i j

State Sountfary *

sujfaco and g?ouncJwatef vwthsrawa^

of Development

^ S _ | : 13C 2 » 36C « C 5 «

Mtas
3 !0C 23C XC <CC SX S3C ?00

mi990to " ^ ^ ^

26



Natural Variability

Note; Ranges cJeftned a s the coefficsers of variation of
uftreguiatod stroamftow. cornpwtod a& the rat© of the s:an<5a«J
<Joviat*on of annual unrogulated strearn?5ow to the unroQySasod
mo^rt $nnua5 stfeamSow

Dryness Ratio
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Groundwater Depletion

HyCroiOcic Urat Boundary

State Boundary

Vuinerabi&y iovol 1 {<3%}

VyJnerabtUty SeveS 2 (S«2S%}

Note: Ranges defined a s the rato of average
CjroiiJXJwat©r withdrawals in 1990 to anr»uas a
j>as<Jf5ow (groundwajer outfiow).

y Watei^Use Flexibility

£ Unit Boundary

Stato Boundary

Vuinora&t&y ieve! 1 (<20%)

Vuirscrabiltty level 2 (20 - 40%)

Note: Ranges are «JoSnaS a s tho share of totaf annual avoraso sector
vwt!̂ dfawaS$ tnat ts ct^isuniocs, i.e., not av^&bks Jordowrrstrearn
i»es . Hic^ vaJues in<jjcase regions where reduction in water
suppty cooks &e most str©ssfu: to sector water users. wat>f wrj»o p*»&&ty. 0«. 1i99S
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Instiaitional Flexibility

Hydrolosk: Unis Boundary

State Boundary

VulnerabilityJove? i <Score0-1)

Vyine«&*&y sevei 2 (Score 2-3)
C «C 2K 306 *& US .

Note: Sconng is basoc on the extent of b s n w s to wat(^ trading,
ifis&ysons i&k po«nst traSsng are more tsexifcio and, therefore.
Joss volnerabk* than systerrss that do nor. S e e text for mcee

& t i n

I

Subindex: Consumptive Use

Hyoy«0fiicunlt8ou?xsaft/ ^ ^ ^ ^ ^ ^ ^ " V ^ v ^ J « f c ^ ^

Araraoow*ionb«y<..5 ^ ^ ^ \ J

AvoragfO vyiftora& îty >»t .S or*S <»«2.2 ' ^K i ^«i

^ ^ ^ 0 'OC 290 36J <0C SCS

Note: Vy«rwai>irsy vaiyes csaScu*atod astho «

Leve? o? Oev^oprners, Nature Vana&fitty, 0 ^
Gfoundwato*" Dop50J«^, Industiiai Water Fksx
Jn&Uu&on^ ?!ex«S»Sty.

vms RatfO, L ^ w ^ w ^ l ! ! 2 ^
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Flood Risk
Population in 500 year floodplain

< r '^~,A

1

;'V

•rr > 0
s

1 4f 'ii

HydroJogic Unit Bouidafy

State 8ounda?y

Vbinertt&y iovel 2 (20.000 - 200,000)

WtoGnaMty level 3 (>200,000)

NGJ& Ranges are defined as estimated rsumbet o$ people
wK«n the S00 yoar rsoodpsain.

C 1 « 2CC 30C « X S5C

Navigation

oto Rages a o < f o o d a»
region on cree$$ng sctiv^ies.
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Ecosystem Thennal Sensitivity

Note: Ranjje& sf© based on sens&wity to ©xtretno
temperatures, &>rr*>ifle&vuinera&&ty of two
s&tfJ&atofs: Heat • the asv^a^o annual r

Water Quality: Dissolved Oxygen

&OSO: ?i«Tgo$ are ̂ «f inod as the observations &ss than
the re fawce ^ 0 5 oi 5 fng/t.
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Low Flow Sensitivity

HydfoSoQic Unit Boundary

t (>» 0.23$ c&fcQ, mile}

Vuincrafcs&y level 2 {>* 0,065 to *« 0,238}

< 0.065}

Note: Sasofiow t$ do^nocJ a$ ^»o t?*o mean va^vo of
stroamSow wbtc& originates fyorr* baseilow ^groundwat
outflow) ciurtng a t>^c«J yea?.

Species at Risk

Hydroio#c Unit Boundary

i (<7 Spocuos a: PSssk)

Jevet a {7-13 Species at Risk)

Vtinera&iSty levtf 3 <>"! 3 Species a: Risk)

Note: Nurrtbor of SQuatk; me woSarxi s^e^ea kSenSSotf as <sther
throat^ied orertcJaneofOd- Sourco: EPA, 1997, The SrscN* of
Wasershotf irxJicators. EPA«84:-R-S7«0t0.
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Subindex Instream Use

HydrologSc Unit Bounc&ry

State Boundary

Average vulnerability <1.8

* i .$ and <s»2.2

SfiC 38C < K SC«

Note: vy&re$ai$ity values osculated as the average of tfse
wlner^i&ydass^cation oftke iolkwing IrxlicaEOfS.:
Flood R»lc Navigation, T^tpefature SerssiiMty, D*ss< v̂ec Oxysien,
l Ro Seft&*f ^>ci S>oc$ & R i &

Overall Index
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Economic Efficiency:
Undergraduate Story- Single Sector Market

Q, Qo

$

Economic Efficiency:
Graduate Story - Two Sector Market
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PColorado River Model (Upper Basin)
„: tirv

p L^J |

Green River
(WY)

Green River (UT)

Duchesne&San
Rafael (Central
Utah Project)

M
A
Mu
H
E

s
IT

! •

Mainstem reaches
Agriculture
Municipal & industrial
Hydropower
Thermal - electric

Reservoirs & flatwater recreation

Salinity damages
Instream recreation
Runoff inflow

minor Utah tributaries .

Gunnison River
Blue Mesa
Reservoir
Dolores River

>
Navajo Reservoir

Lees Ferry

Colorado River Model (Lower Basin)
LeesFeny

Little Colorado River

j r I Grand Canyon Instream
Recreation

LakeMead A

M,41 r"H~l Hoover Dam Hydropower

LakeMohave / R \

MIS

M16

Colorado River
Aqueduct (MWD)

Parker Dam Hydropower | ~ H ~

Palo Verde [ A T S >

Imperial Valley [

Coachella

1 H I Davis Dam Hydropower

I13 Bill Williams River

I14 Salt and Gila Rivers

Central Arizona Project
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Model Structure: Objective
Objective Function: MAX CPS by choosing F.lf SL X., H.

CPS=£ DF,*[J2 {a^.51
t t

wry w (" _v ( «m.

n

~ E <fm+gJL
K

- E K^l-d
n

+ E qj«
n

SL
- ŷ  [ ( _^)'

n F

(COBEM only)

hydropower benefits

navigation benefits

flood damages (above threshold)

thermal waste heat (opportunity costs)

secondary wastewater treatment benefits

advanced wastewater treatment costs

Model Structure: Constraints

Subject to:

SrT =

% = 0.5 (PETn + 1
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F H How Climate Change Could Alter
Colorado Watershed Runoff:
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Modeled Runoff and Allocation
Changes in the Lower Colorado Basin
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Colorado Basin Sectoral Impacts
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Basin Results: Agriculture

Effect of Climate Change on Agricultural Welfare
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Basin Results: Hydropower

Effect of Climate Change on Value of Hydropower Production
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Basin Results: Total Welfare

Effect of Climate Change on Total Welfare
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