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“Sc:ence exrsts to serve human welfare.. Its Wonderful to have the opportunity glven
us by society to do basic research, but-in return, we have a very important moral

responsibility to apply that research to benefiting humanity.”
Dr. Walter Orr Roberts (NCAR founder)
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3. International Collaborative
Research Environment




Source: NASA 1S5007-E-10807 (July 21, 2003, 35 mm lens).
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Weather vs Iimate

Guidance

Climate
Prediction

Forecast Lead Time =————-->

Weather Prediction

Initial Cond#tions

Coordination
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RapiaTiveE ForciING COMPONENTS

RF Terms RF values (W m™) |Spatial scale| LOSU
" I L] 'I
r ' !
| I 1.66 [1.491t0 1.83] |  Global High
Long-lived | :
greenhouse gases | | I 0.48 [0.43 to 0.53]
: rl—l Halocarbons 0.16 [0.14 to 0.18] Global High
| |
: | |
I | =0.05 [-0.15 10 0.05 -
Ozone Stratospheric Tropospheric [ ) Cuntlln intlal Med
) | . | 0.35 [0.25 to 0.65] | 1o globa
c | |
@ | Stratospheric water ! |
o | L
g_ vapour from CH, : | | 0.07 [0.02 to 0.12] Global ow
(=] | I
= |
£ Land use ! I =0.2 [-0.4 to 0.0] Local to Med
= Surface albedo Black carbon | - - L
< : on SHOW | 0.1 [0.0 to 0.2] continental ow
I I I .
i Continental | Med
Direct effect : : : 0.5 [=0.9 to =0.1] to global - Low
Total | | |
Aerosol | Cloud albedo | | | | | Continental @
effect | I | I -0.7[-1.810-0.3] to global Low 3
I I I 0
I | | P
Linear contrails | | I 0.01 [0.003 to 0.03]| Continental | Low E
| | | =
© | | | =
P Solar irradiance | | ' 0,12 [0.06 to 0.30] Global Low |2
o I I | T
< 1 1 e
Total net ' | 1.6 [0.6 to 2.4]
anthropogenic : :
1 | 1 ] 1
-2 -1 0 1 2
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Warming accelerates the hydrologic
cycle
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GCM’s — A Grid of Points over Earth

(Precipitation is the most difficult modeled variable)
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Timeline of Climate Model Development

Mid-1960s  Mid 1970s-1980s 1990s Present Day 2000-2010
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The Hadley cells are the main way the atmosphere
transports energy polewards in low latitudes

Tipical Wintertime Weather Anomalies Preceeding
Heavy West Coast Precipitation Events
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Climate Models circa early 1990s  Global coupled climate

models in 2006

Regional models

400 km 100 km

Global models in 5-10 yrs?
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No “Real” Data in this animation- 365d * 24h images!
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Community Atmosphere Model




2030: A Warmer World, Changing Precip

IPCC A1B Sfc Air Temperature 2030-1990 IPCC A1B Precipitation 2030-1990
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The Precip
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Diurnal Cycle of Convective Precipitation for JJA

Observed Frequency 1976-97 CCSM Frequency 1983-88
Time of maximum Time of maximum
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Modeled frequency occurs about 2 hours earlier than observed
Dai and Trenberth 2003




S1mu with Z—Km |

Wind speed along the

Height (km)
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Observations: Color is Sea Surface Temperature
Katrina, ~24 August
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The National Center for Atmospheric Research

s | 0 [ e
298 299 300 301
Courtesv Dr. David Bade

CCSM at ¥4 ° ATM 1/10°0OCN




NCAR

HELPING WATER MANAGERS THINK
- ABOUT CLIMATE CHANGE RISKS
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Need “Actionable Information”

avid Behar, Water Utility Climate Alliance, “We need actionable
ormation to make changes or additions to capital investments..”,
n Francisco Public Utilities

rc Wagee, Manager of Water Supply, Denver Water, “Surprisingly,
haven’t dealt well with uncertainty.. Climate change is a wake-up
this fact”
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MWRA and the “Boston Harbor Cleanup”,
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Study Approach

Developing Decision Analysis tools that incorporate climate
change information

Risk-management approach to decision-making

Worked with a set of water utility partners from the very start

MWRA
Portland

CO SPRINGS

IEUA

PALM BEACH
COUNTY



Partnership Design and
Decision Tools

Industry Research —

Project Team

NCAR,
consultants

Utility
Partners

Climate Research — NCAR,;
Universities; Federal Agencies



Partnership Design and Problem

Structuring

Decision Tools -

Structuring
» Goals

Industry Research —

AwwaRF ’
WEAP MODSIM Project Team
NCAR, MWH

Climate Research — NCAR;
NOAA, U. of Colo

Colo
Springs
Utllltles




Top Down Vs. Bottom Up

Emission and Climate
Scenarios

Global Climate Models

Regionalization

Impacts

Climate Adaptation
Policy

physical/soci

)

climate variability
and change

Adaptive Capacity

Reliability EquityT Institutions

_ Technology
Economics  |nfrastructure




Bottom-Up Approach: Decision
Analytic Approach to Climate
Change

Problem Deterministic Uncertainty
Structuring Formulation Analysis

* Problem  Decision Model * Probabilistic
Structuring « Sensitivity Representation

» Goals Analysis * Future

Projections




Problem

P RO B L E M Structuring

* Problem
Structuring

STRUCTURING- GOALS g==
AND OBJECTIVES

Inland Empire Utility Agency

Focus on enhancing local supplies or rely on imports?

Colorado Springs Utilities

Integrated Resource Plan... how to link to current safe yield analysis?

MWRA

Safe Yield Analysis- What level of demand meets Quabbin storage
targets under climate change

Palm Beach County

IRP in the face of major changes (Lake Okeechobee, future demand,
environ interests, sea level rise, climate change, etc.)

d.JIeosoy D!.ISl{dSOLUlV d0]J 19juo’) [eUOIl]}E




Deterministic
Formulation

Deterministic Formulation = 0

* Sensitivity
Analysis

This Approach is Model-based: “All are
wrong, Some are Useful”

« Surprisingly, many water utility models are
not “climate-enabled”

Develop approach that can address the
questions at hand: “Keep it simple as
possible, and no simpler”

yoIeasay onraydsow]y 10J 193ud)) [eUO]

 Begin Climate Change Exploration




Need for An Integrating [z
Model Framework (s

Temp, rh, wind ‘ Precipitation
\ y Vo PO T
un-:-ff

Furof

’; Natural Watershed

i Infiltrra.ti-:-n

E’moff ! B

Infiltration

Developed Watershed

Post-Development

Hydralogy Maodel

Water imports

Planning kodel
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Deterministic

Hydrology Model

Formulation

* Decision Model
* Sensitivity

\ o ET ‘1-"| \ ~,IE \ \ Analysis

Rurof TR

&

2

&

aff _. ::_I_.-"
:':.I

TN, IR, ol PR

R Lyl - £ ¥
------ S ¥ - P arhEhE 5 - TRy

Critical question: How does rainfall on a catchment translate
into flow in a river?

Critical question: What pathways does water follow as it moves
through a catchment? Runoff? Infiltration? ET? Seepage?

Critical question: How does movement along these pathways
impact the magnitude, timing, duration and frequency of river
flows? a

NCAR
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PI an n | n g O d el Deterministic

Formulation

Precipiation « Decision Model
ET ° ” - Sensitivity
\ ) 3 A 1":-, \ y Analysis

oyt
....... o "l'-'l:".-'-

Critical question: How operations be optimized to protect the
services provided by the river?

Critical question: How should infrastructure (e.g. dams,
diversion works, etc) be operated to achieve maximum benefit?
How should water be allocated in shortage?

JoIeasay dolaydsow]y 10j I19jua)) [edone

Critical question: How will allocation, operations and operating
constraints change if new management strategies are introduced
into the system?

NCAR



Water Management Can Get
Complicated

Jan: 70

A multi-objective reservoir: Feb: 110
1. satisfy downstream demand Mar: 180
2. generate hydropower Apr: 220
30 3. provide flood protection May: 350
4. maintain environmental flows Jun: 140
5. provide recreational opportunities Jul: 35
Aug: 20

Sep: 10

Oct: 5

Nov: 20

Dec: 30

Priority set according to:
1. Reservoir storage

2. The month
3. Recent conditions

Jan-Apr: 10
May-Aug: 40
Sep-Dec: 10
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Integrated Water Resource Management

AELD
YW=

egrates hydrology and water planning model

-based, graphical GUI interface.

sical simulation of water demands and supplies.
r-created variables and modeling equations.
enario management capabilities.

eamless watershed hydrology, water quality and
financial modules

« SEI-US.org, NCAR, Wat Res Fnd, USEPA

‘ Yates et al. 2005, Water International, Pt. 1 and Pt. 2
NCAR
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CSU’s Water System
X,

2
% ol = .
' e

~
g

75% of our water comes
from reservoirs near the
Continental Divide, over
200 miles away

25% of our water comes
from Pikes Peak and the
Arkansas River

Winter snows provide a
continuous fresh water
source for the citizens of
Colorado Springs
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75% from West Slope 25% from East Side

= Diversion Rights are Largely Controlled by Senior Rights on
o
Colo River at Cameo and Shoshone
HOMESTAKE
COLLECTION
SYSTEM COLLECTION & l
, Homestake SYSTEM ) ———="Y
Frying,, Reservoj N
o, o , 5 25
: ontgome
FRY-ARK B ey g Reservoir g
COLLECTION & °
SYSTEM 8 )
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’06, '°4~< WATER
Grizzly Otero Intake % /4:@ TREATMENT
Reservoir Twin Lakes Pipeline 6»& PLANT
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Clear Creek ggﬁ;& G o"fé o g{y&%sme Reservoir
TWIN LAKES Reservoir  gag STATION ez STATION a8 & PINE VALLEY &
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Deterministic
Formulation

* Decision Model

* Sensitivity
Analysis

Pour Points

Sub-watersheds

A. Sub-watershed Delineation

e Characterizatio
n of

Elevation Bands

Catchments

Watersheds
and Sub-
Watersheds
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C. Final Catchments




Wiew  General

][ [ [ v - e o - o o o L o o - o - - L

—-|UB_3200]
Agriculture
Rangeland

Tundra
Urban
Barren
‘wiater

Wwetlands

Forest
UB_3500
Ten_4100
Ten_3500
Ten_3800
Ten_3200
Ten_2900
Ten_2600
UB_2300
BS_Z2600
BS_2300
BS_3200
BS_3500
B5_3800
BS_4100
LE_2600
LB_2300
LB_2300
LB_3200
LE_3500
UH_2900
UH_3200
UUH_3500
UUH_3800

|£

~ Land Use j [ Climate

NCAR and CSU built a WEAP Application of West Slope Supgs

m WEAP: UprColorado20Jan10
Tree Advanced Help
l-ﬁ Manage Scenarios Eﬂ [Data Report

Ponding

Humidity l witd l Cloudiness Fraction l Albedo Data l Albedo Lower Bound l Albedo Upper Bound l FMet Other

Demand Sites and Eatchment| 1385

Wweighted mean of high and low temperature. For weekly variation. use Weekly Time-Series Wizard.

FeadFro... ReadFromFile] ?dimame?daymet\UE_3200. dat,2]

m‘ Table l Notesl

Watersheds are defined according to Elevation Band
with a unigue climate forcing dataset.

I

oosier Div =

>

a

Wk 400k 7 Uk 26 Wk 51 Wk 22 Wk 45 Wk A6 Wk 38 Wk & Nk 26 Wk 51 Wk 22 Wk 45 Uk 16 Wk 39 Wk & Wk 28 Uk 51 Wik 22 Uk 45 Wk 16 Uk 39 Uik 8 Wk 25 Nk 51 Wk 22
1954 1985 1985 1985 1886 1986 1987 1937 1985 1983 1985 1939 1933 1980 1990 1881 1991 199

ET=1 AAAE AOAE | Fiat

LIA AAan el A0 4000 44 Anonnn o

ET:) ETTaT=i WaTa MM |
LA

) Laoss and Reuse) ~ Watar Quality /J ;

Show Accumulation Gauge

Temperature [weekly)

eE ¢

A@l*

¥ | 0

601 g€

wEHB o EED EE

1992 1992 1893 1993 1954 1994 1994 1895



The WEAP Application-Some Detalls

Rivers and Creek (11+)

 Blue, Ten Mile, Eagle, Homestake, Williams Fork, Fraser, Willow,
Roaring Fork, Frying Pan, Muddy, Arkansas

servoirs (10)

Granby/Grand, Dillon, Green Mountain, Homestake, Meadow
Crk, Ruedi, Upper Blue, Williams Frk, Windy Gap, Wolford
versions and Rights (12)

Grand River, CBT, Windy Gap, Willow Crk, Moffatt, Jones Pass,
Roberts, Hoosier, Homestake, Boustead, Hunter, and Twin

Major Diversion Rights which Influence CSU

* Hoosler, Homestake, and Fry Ark. These are controlled by the
Shoshone and Cameo Calls.

« Green Mountain Payback
N\ » Representation of CBT and Denver Water's “RightS s

NCAR
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Calibration Objectives: Re-create
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Blue River- Annual Dillon Inflows A
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“NtAfstical evaluation will be available in Water Research Foundation Report




Monthly Average Storage

Granby-Grand Lakes Green Mountain
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Only Simple Clime Sensitivity
thus far

Add 2.8°C to complete historic temperature- D1T2.8
Add 2.8°C and reduce precip. By 10% - DT2.8-10%
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3lue River inflow to Dillon Colorado at Cameo
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Storage, Delivery and Diversion:
Homestake

orage (weekly average, 1000’s Homestake Diversions
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Problem

Structuring
Kissimmee . Problem
Headwaters- Structuring

Rapid Urbanization [RESEEE

Shallow Freshwater Lake-
Reoperated for Flood Control

Largest Sugarcane region in Florida-
some interest in ‘buying out’

Preservation of Wetland Habitat

Urbanizing Corridor

Inland Estuary- Freshwater flux to
tide




Problem o | Deterministic .| Uncertainty | Evaluation of
Structuring " Analysis " Analysis "| Alternatives

PBCWUD: Goal or Question: ’ ’ s
Is there a “Robust” Capital Improvement
Plan?

20-Year CIP Projects.__
* ASR wells ' . s

» Surface Storage ] o Yo

M Canal Lakes (2

« Water and WWTP aw. Nk

ASRERTY “*Urask .

Expansions Y AN

« Dpasam

« New RO Treatment e S | s
Facility

« Wellfield Expansions

 New Deep Injection Wells



0 | Deterministic .| Uncertainty | Evaluation of
u p p y- el I l an "l Analysis “|  Analysis “| Alternatives
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WEAP Model- Model of Supplies
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Population: An Uncertain Future in South Florida?

2,500,000

2,000,000

County Population

500,000

0

1900

Palm Beach County Population

1,500,000 -

1,000,000 -

Too Little Too Late

. BaL

N

Burrowing

Mean Joe
Green

,/& Managers

Dream

1920

1940 1960 1980 2000

2020

2040

2060

PBCWUD Total Demand in 2008 - ~80 MGD

Regional Demand in 2008 - ~ 225 MGD

N\



Problem | Deterministic Uncertainty .| Evaluation of
Structuring “|  Analysis Analysis "| Alternatives

) ) 3 [

iterations

Climate Scenarios- Spatial-Statistical Downscale
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Microsoft Excel, MCDA (Excel) used to
MCDA Dashboard- set parameters
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Stakeholder Weights Assigned to Each Criteria
MCDA Matrix Criteria
C1 c2 C3 C4 ) C8 C9
Alternative
Active es ‘fes ‘es ‘fes Lau =~ n ‘fes ‘fes n
1|cip Ves 13.04 4.58 0.2 4.22 I ~ $158 | 3032 |oeme——
2|CIP + Conservation Yes 20.2 4.98 0.2 2.75 - = $87 | 3054 [
3{Mod CIP + C51 Res Yes | 4.34 18.56 8.7 4.41 - — $142 | 3329 = -
i 4 a ~F
4{No Action Yes 0.0 302 0.0 2.3 2 =1 $0 2497 [T =1

Each Criteria is Evaluated for Each Alternative




Thousand Acre-foot

HOW? Then Use Model to Evaluate
Alternatives

Focusing in on an Alternative: Modified CIP + C51
WEAP Mathematical “Expression Builder” is used to mimic the
operations of C-51, e.g. Fill during high flows, release during low flows

tinirnum Flow B equirement (IR0 I
Minimum average monthly instream flow required for social or environmental purposes. 7 Help
Flows Requirement] 1970 |Scale |Unit | ~
C51 Drrain 1i{PrevT SWaluelSupply and Fesources’\Riveryw/PB_CH1 CanalReaches\Below Catchment Inflow Mode 8:Streamflow]m™3]1/[2600%24720.4°0.028) <200, 400, and Resources... MGED | B
PrevT SV alue(Supply and Rezources\RiverswPB_C51 Canal\Reaches\Below Catchment Inflow Mode :Streamflowlrn™3])/[3600°24%30.4°0.028) <350, 350,
PrewT SWalue/Supply and Resources\River"WPE C51 Canal\Reaches\Below Catchment Inflow Node 8:Streamflawim”™ 311/ 3600+24+30.4+0.028] <400, 200,01 * 111.547; mad/cfs
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Example Results — C-51 Reservoir

Monthly Mean Discharge, 2023-2030 (Historic climate
‘repeats’)

Streamflovy (below node or reach listed)
WPB_C51 Canal Nodes and Reaches: Below Withdrawal Mode 10, Monthly Average, River: WWPB_C51 Canal

640 - — Conserva tion

520 - Modified CIP + C51
— Reference

600 -

580 -
560 -
540
520 -
500

%380./ \/
Storage in wet period,
Decrease in discharge

Release in dry period,
Increase in Discharge

D2S? Helping Water Manager Plan for the Future
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Study area

5 L

Red dots are gauge stations.

Rainfall values nearest to each
of the 5 station locations are
composited to produce the
mean daily rainfall values.

Data availability:

CFDDA: 1985-2005
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TRMM: 1998-2007
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Mean annual cycle

Precipitation Temperature
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http://www.isse.ucar.edu/awwarf/
http://waterresearchfoundation.org/
http://sei-us.org
http://weap2l.org

David Yates vates@ucar.edu
Kathleen Miller kathleen@ucar.edu
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