Tree-ring-based streamflow reconstructions
for the Rio Grande basin
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Agenda

- Background and history of project
- How tree rings record climate information
- Building the tree-ring chronology
- Generating reconstructions of streamflow

Break
- Information about reconstructions on the Web
- How reconstructions are being used in water management
- Current and future applications in the Southwest

Lunch
- What reconstructions in the upper Rio Grande basin show
- Visualizing climate and reconstruction data
- Discussion of management issues and information needs
for Rio Grande basin, and development of new streamflow
reconstructions

Please ask questions!
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About RISAs

Currently Funded RISA Teams

® RISAS (Reg|ona| };u S Alaska Center for

Climate Assassment
and Policy (ACCAP)

Integrated Sciences & "
Assessments) are NOAA-

Carolinas Integrated Sciences
and Assessments (CISA)

funded programs that

Climata Impacts

Group (CIG) |

conduct climate-related
research that supports
decisionmaking at a
regional level
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e CLIMAS (Climate
Assessment for the
Southwest) — AZ, NM

For more information on the RISA programs, please see the
brochures in your folder
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Western Water Assessment

http://wwa.colorado.edu
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About Us Current Projects

Publications

The mission of the Western Water
Assessment is to identify and character-
ize regional vulnerabilities to climate
variability and change, and to develop
information, products and processes to
assist water-resource decision-makers
throughout the Intermountain West.

Quick links to main

projects and
resources

QAL Disclaimer

-~ |
Resources

Products

More Information On...

ater and Climate
¢+ Tree-Ring Reconstructions of Streamflow

Announcements

¢ Intermountain West Climate Summary

¢+ Colorado River
+ Water Demand and Conservation

estern Water Law and Policy

—- Recent WWA'A::tlwtlur _J.Jp::ummg E\rents — Waterjnd Climate i |n the News

+ WWA Director Brad Udall receives
Climate Science Service Award from
the CA Dept. of Water Resources, Oct.
3, 2007

* Andrea Ray invited to represent WYWWWA at
Climate Change Adaptation Wrkshp
for NM Natural Resource Managers,
Oct. 22, 2007

+« WWA's Andrea Ray presented at
Maountain Hydraclimate & Water
Resources Workshop, Oct. 17-19,

AL r

¢ Airborne Imaging of Soil Moisture, Al
Gasziewski, PSD Seminar Series, David
Skagy's, NOAA, Oet, 31, 2007

David Cherney. CU grad student to
give presen: Science Policy in
Greater Yellowstone CIRES, Mov. 15,
2007

Genevieve Maricle to give presen on
how to turn science studies into
science action, CIRES, Nov. 29, 2007

AGU Annual Meetlnq, San Francisco,

+ Warming Could be Costly to NM,
John Fleck, The Albuguergue Journal,
Qctober 23, 2007

WA team members featured in article
The Future is Drying Up, NY Times,
Qctober 21, 2007

NOAA Reports U.S. Winter Forecast
Still on Track, Oct. 18, 2007

NOAA's reports Sept 2007 is Eighth

Warmest on Record for Contiguous
US Qct. 16, 2007




CLIMAS http://www.ispe.arizona.edu/climas/

CLIMAS

Climate Assessment for the Southwest

Search by keyword: About CLIMAS
| | [Go ]

Other

Forecasts & Outlooks

CLIMAS was established to assess

the impacts of climate variability and N pFOJeCtS
longer-term climate change on human and
and natural systems in the Learn about W Climate
Southwest, Our mission Is to improve
the ability of the region to respond resources
sufficiently and appropriately to
climatic events and climate changes. Exenls
Related Links
September 2007 Southwest Espaiial Southwest
Climate Outlook .
The September Southwest
Climate Cutlook is online. This Cllmate
th's feat ticle i
T e j "E;:ul-lji:'lz ir ISI:te 12 Job Ahnouncement OutIOOk

resources, climate, and health The CLIMAS core office is

hiring a full-time staff
scientist to help with
Mark your calendar! stakeholder outreach and
e, The CLIMAS Mini-Retreat is team coordination.



History behind this workshop

2005 - Planning Workshop to Develop Hydroclimatic
Reconstructions for Decision Support in the Colorado River Basin -
Tucson - 30 climate and water scientists and 30 water managers
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2006 - One-day technical workshops on streamflow reconstructions
for water managers in Alamosa, Boulder, and Tucson

2006-2007 — New publications: Updated Streamflow
Reconstructions for the Upper Colorado River Basin, NRC report on
the Colorado River, including tree-ring reconstructions

2007 - More workshops, greater focus on applications



New Cross-RISA project:
Tree-Ring Reconstructions of Hydroclimatic
Variability in the Rio Grande Basin, New Mexico

1) TODAY - Workshop to introduce the use of tree-ring
reconstructions of streamflow, and identify gages of
Interest

2) Develop a set of reconstructions from existing tree-ring
data based on gages identified above

3) Follow-up workshop (spring 2008?) to deliver new
reconstructions, explore applications, and plan future
collaborative work

4) Develop web page to feature Rio Grande
reconstructions



Objectives for today (and beyond)

1) Describe how tree-ring reconstructions are
developed and are being used

2) Get input on issues Rio Grande basin and what new
reconstructions would be useful

In other words, we’ll show you what’s possible, you let us
know what's desirable

. The follow-up workshop next year will showcase the
results and solicit further feedback

« We’'ll be a long-term partner in assisting with
application of the data



Part 1.

Context and Background
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The conundrum of (water) management

We need to make decisions about the future, but we don'’t
know much about it.

So how do we generally make decisions?
Based on past experience.



Learning from experience in water management

Colorado River at Lees Ferry
Gaged (natural flow) record, 1906-1930
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Learning from experience in water management

Colorado River at Lees Ferry
Gaged (natural flow) record, 1906-1963
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Learning from experience in water management

Colorado River at Lees Ferry
Gaged (natural flow) record, 1906-2004
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Even 100 years of experience may be inadequate



Tree-ring reconstructions - a surrogate for experience

annual flow, MAF
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Tree-ring reconstructions - a surrogate for experience

By extending the gaged hydrology
by hundreds of years into the
past, the reconstructions provide
a more complete picture of
hydrologic variability

Colorado River
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Tree-ring reconstructions - a surrogate for experience

By extending the gaged hydrology
by hundreds of years into the
past, the reconstructions provide
a more complete picture of
hydrologic variability
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Tree-ring reconstructions - a surrogate for experience

Benefits:

W
(@)

- Better anticipation (not prediction)
of future conditions

annual flow, MAF
H
(@) ]

- Better assessment of risk

o o
!

N N
o O
! ! !

l—\
o
!

2000

20* I *" "MI ‘ | “ |l‘ "‘ 1l m“
M

Tree-ring
reconstruction

1490-1997



Attributes of tree rings useful for climate and
streamflow reconstruction

e Annual resolution
« Continuous records (100-10,000 yrs)

« High sensitivity and fidelity to climate
variability

e Widespread distribution




Dendrochronology

The science that deals with

the dating and study of tree

rnngs &
Dendroclimatology
The science that uses tree

Dendroecology rings to study present
climate and reconstruct past

Dendroarchaeology

Dendrogeomorphology

climate
etc. a0

Dendrohydrology
The science that uses tree
rings to study changes in
river flow, surface runoff,
and lake levels



Key advances in dendrochronology,
dendroclimatology, and dendrohydrology

1905-1920 - Douglass establishes modern tree-
ring science; links tree-growth and
climate in Southwest

1930s - First studies relating tree growth to runoff
In western US

1940s - Schulman investigates history of
Colorado River flow using tree rings

1960s - Fritts models physiological basis of trees’
sensitivity to climate; develops modern
statistical methods for climate
reconstruction

E. Schulman



Key advances in dendrochronology,
dendroclimatology, and dendrohydrology

1976 - Stockton and Jacoby reconstruction of Lees
Ferry streamflow

1980s - Cook and Meko refine statistical tools for
chronology development and reconstructions

2000s - Many new flow reconstructions for western US
and Colorado

2006 - Woodhouse et al. reconstructions of Lees Ferry
and other Colorado basin gages



Part 2:

How tree rings record climate information
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CROSS SECTION of a CONIFER The formation of
annual growth rings

bark

phloem .
vascular e New wood forms in the

| cambium vascular cambium, underneath
the bark

 Earlywood + latewood =
growth ring

e |In temperate climates, growth
ring = annual ring

* Rings have varying widths
when a limiting factor on
growth varies in magnitude
from year to year




Climate is typically the limiting factor for tree
growth in the intermountain West

« At high elevations, growth is typically
limited by summer warmth and length
of the growing season

« At lower elevations, growth is typically
limited by moisture availability
(precipitation - evapotranspiration)




The moisture signal recorded by trees in this
region is particularly strong

Western CO Annual Precip vs. Pinyon ring width (WIL731)
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* Here, the “raw” ring widths from one tree are closely correlated
to the annual basin precipitation (r = 0.7)

 Qurjob is to capture and enhance the moisture signal, and
reduce noise, through careful sampling and data processing



This moisture signal in tree rings can be a proxy
for multiple moisture-related variables

* Annual or seasonal precipitation
 Drought indices (e.g., PDSI)
e Snow-water equivalent (SWE)

 Annual streamflow

These variables are closely correlated in this region, and
trees whose ring widths are a good proxy for one tend to be
good proxies for all of them



Ring-width and streamflow - an indirect but
robust relationship

« Like ring width, streamflow integrates the effects of
precipitation and evapotranspiration, as mediated by the
soll

PRECIPITATION SURFACE
EVAPO- - & SUB-
TRANSPIRATION SURFACE

% INFLOW

-~
OUTFLOW

Image courtesy of D. Meko (U. AZ)



Main moisture-sensitive species in the Southwest

Douglas-fir Ponderosa Pine Pinyon Pine

* All have maximum ages of 800-1000 years; old trees are
typically 400-700 years



Seasonal precip. response by species - western US
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Stressful sites produce ring series with greater
sensitivity (higher Signal:Noise ratio)

WATER TABLE

COMPLAGENT SENSITIVE
RING SERIES RING SERIES
from Fritts 1976



Part 3:

Building a tree-ring chronology
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Chronology = basic unit of tree-ring data, “building block”
for the flow reconstruction



Sampling the trees

e Core 10-30+ trees at a site, same
species

e Goal: maximize the number of
samples throughout the chronology
(300-800+ years)

e Can also core or cut cross-sections
from dead trees




Crossdating the samples

 Because of the common climate signal, the pattern of wide
and narrow rings is highly replicated between trees at a site,
and between nearby sites

« This allows crossdating: the assignment of absolute dates to
annual rings (not just ring-counting)

1900 1910 1920 1930
EERIERIEREE MT1ir411 EEEEEFIEID Two
1’ \{ \ | 14 3 IREEEEERED j‘ Douglas-fir

e B i e = . e trees south

of Boulder,
CO




Crossdating allows the extension of tree-ring
records back in time using living and dead wood
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Image courtesy of LTRR (U. AZ)



Measuring the samples

e Computer-assisted
_ measurement system with
sliding stage

— captures position of core to
nearest 0.001mm (1 micron)

« Measurement path is
parallel to the rows of cells
(and perpendicular to the
ring boundaries)




Detrending the measured series
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Ring-width series typically
have a declining trend with
time because of tree
geometry

These are low-frequency
noise (i.e. non-climatic)

Raw ring series are
detrended with straight line,
exponential curve, or spline

These standardized series
are compiled into the site
chronology



Example of detrending - 2 trees, same site

Before detrending
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By compiling the measurements from many trees...
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Ring width index

.we enhance the common (climate) signal in

the resulting site chronology
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Moisture-
sensitive
chronologies
developed
1999-2006 by
CU-INSTAAR
Dendro Lab

4 new collections
Fall 2007, Univ.
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The larger world of tree-ring chronologies

International Tree-Ring Data Bank (ITRDB)
http://www.ncdc.noaa.gov/paleo/treering.htmi

e 2500 chronologies contributed from all over the world

e 90 chronologies from New Mexico, nearly all are
moisture-sensitive



Part 4.

Generating the streamflow reconstruction
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Reconstruction = best estimate of past flows, based on the
relationship between a selected set of tree-ring data and gaged
flows



Overview of reconstruction methodology

Tree Rings Observed Streamflow
(predictors) (predictand)

' '

Statistical Calibration: regression

Reconstruction Model 4—>_

Streamflow reconstruction

based on Meko 2005



Requirements for observed streamflow record

 Length — minimum 50 years for robust calibration
with tree-ring data

 Natural/undepleted record — must be corrected
for depletions, diversions, evaporation, etc.

50,000 Fraser River at
Winter Park
40,000 1/ yh
1 \ Py Undepleted Flow
8 0000 (from Denver
5 Water)
=L 20,000 A
USGS Gaged
10,000 FlOW

|:| I 1 1 1 I I 1 1
1916 1926 1936 1946 1956 1966 1976 1986 1996

 The reconstruction can only be as good as the flow
record on which it is calibrated



Requirements for tree-ring chronologies

« Moisture sensitive species - Douglas-fir, ponderosa
pine, pinyon pine

e Location — from a region that is climatically linked to

the gage of interest
— Because weather systems cross watershed divides,
chronologies do not have to be in same basin as gage

e Years -

Last year close to present for the longest
calibration period possible

First year as early as possible (>300 years)
but in common with a number of chronologies

e reconstructions are usually limited by the shortest
chronology



Model calibration: Forward stepwise regression

1) The chronology that explains
the most variance in the flow
record is selected as the first
predictor in the regression

2) The chronology that explains
the most remaining
unexplained variance in the
flow record is incorporated
Into the regression (repeat)

3) The process ends when no
additional chronology
significantly improves the fit of
the regression to the flow
record

A A

A A A A




Colorado at Lees Ferry - forward stepwise regression
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Colorado at Lees Ferry - forward stepwise regression
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Colorado at Lees Ferry - forward stepwise regression
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Colorado at Lees Ferry - forward stepwise regression
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Colorado at Lees Ferry - forward stepwise regression
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Colorado at Lees Ferry - forward stepwise regression
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Colorado at Lees Ferry - forward stepwise regression
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Model validation and skill assessment

« Are regression assumptions satisfied?

e How does the model validate on data not used to
calibrate the model?

 How does the reconstruction compare to the gage
record?



How does the model validate on data not used to
calibrate the model?

Validation statistics — based on withheld data or data generated In
cross-validation process, compared to observed data

Calibration Validation

Gage R2 RE*
Boulder Creek at Orodell 0.65 0.60
Rio Grande at Del Norte 0.76 0.72
Colorado R at Lees Ferry 0.81 0.76
Gila R. near Solomon 0.59 0.56
Sacramento R. 0.81 0.73

R? and RE should be similar, and ideally above 0.50,
though much above 0.80 suggests overfitting

*RE is Reduction of Error statistic; tests model skill against “no knowledge”



How does the reconstruction compare to the gage
record?

30 Observed
Observed vs. reconstructed flows - Lees Ferry | —— Reconstructed
25 -
T
< 20
H
£ 15 -
)
-]
S 10 -
<
5 _
O I I I I I I I I I I I I I I I I I
1905 1915 1925 1935 1945 1955 1965 1975 1985 1995
Observed Recon'd
Mean 15.22 15.22 The means are the same, as expected
ng 29.21 23.91 from the the linear regression
Min 5.57 4.71
StDev 4.32 3.88 Also as expected, the standard

deviation in the reconstruction is lower
than in the gage record



Subjective assessment of model quality

30 - Observed
—— Reconstructed

25 -
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» Are severe drought years replicated well, or at least
correctly classified as drought years?



Subjective assessment of model quality

30 - Observed
—— Reconstructed
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Annual Flow (MAF)
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o Are the lengths and total deficits of multi-year droughts
replicated reasonably well?



From model to full reconstruction

Tree-ring chronologies (predictors)

Reconstruction model <P |\ odel evaluation

!

Time series of reconstructed streamflow

 When the regression model has been fully evaluated
(residuals and validation statistics), then the model is

applied to the full period of tree-ring data to generate the
reconstruction



Full Colorado R. at Lees Ferry streamflow reconstruction,
1490-1997
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« Green = annual values
« Black = 10-yr running mean



Uncertainty In the reconstructions

e Tree-ring data are imperfect recorders of climate and
streamflow, so there will always be uncertainty in the
reconstructed values

e The statistical uncertainty in the reconstruction model can
be estimated from the validation errors (RMSE)

« RMSE only summarizes the uncertainty associated with a
specific model; the reconstructed flows are also sensitive
to the decsions made in the data selection and modeling

* A reconstruction is a plausible estimate of flows using a
given set of data and modeling decisions; there is no one
“right” reconstruction (though higher RE values usually
Indicate a better one)



Application of model uncertainty: using RMSE-
derived confidence interval in drought analysis

Lees Ferry Reconstruction, 1536-1997
5-Year Running Mean
Assessing the 2000-2004 drought in a multi-century context

—_— A

Flow (% of nhormal)

e R D

; Lowest C?bserved

50
1 550 1 600 1 650 1 ?00 1 ?50 1 800 1 850 1 900 1 950 2000
Ending Year of 5-yr Running Mean

Data analysis: Dave Meko



Sensitivity to other choices made in modeling
process

Lees Ferry reconstructions from 9 different models that vary according to
data treatment, chronologies used, model choice

Lees Ferry Reconstructions, 20-yr moving averages
2[] T __J__|“ """"‘:‘""_'"‘:“_’I____' _”J”___”|--_"_ T ]

-------- Model 4
— Model 5
-------- Model 6
— Model 7
-------- Model 8
Model 9

Flow (MAF)

10
1500 1600 1700 1800 1900 2000 2100
Ending Year

Analysis from D. Meko




Part 5:

Information about streamflow and climate
reconstructions for the Southwest
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One-stop resource for the western US

i}*—}é_,-:@*‘t

Western Water Assessment

Publications Resources

Tree-Ring Reconstructions of Streamflow for Water
Management in the West
http://wwa.colorado.edu/resources/paleo/

e Introduction to streamflow reconstructions
« Other workshops we’ve held, including presentations
» Applications of reconstructions to resource management

e Links to data: streamflow and precipitation reconstructions for
the West

» Colorado River Streamflow: A Paleo Perspective

e Other useful web sites and references



Links to data: Colorado TreeFlow
(streamflow reconstructions)

q ) TreeFlow -- Home Page - Mozilla Firefox
Fle Edt Wew Go Bookmarks Tools Help

G-t - ) ) S hitpidismmncde noss.govipseofstreanfiosfindes him v| © e

[} customize Links | ] Fres Hotmall || Windows Media | | windows

Data Center
National Environmental Satellite, Data, and Information Service (NESDIS) 5. pepartment of Commerc

9 NOAA Satellite and Information Service VVV National Climatic

NOAA Paleoclimatology \ | (Searchiicoe |

Home « Research « Data « Education « What's New « Features « Perspectives - Site Map « Mirrors.

TreeFlow

Tree-ring reconstructions of streamflow for Colorado

Background Info

Tree-Ring Chronologies

Streamflow Reconstructions (updated October 2005)
Blue River Case Study

Additional Resources

Photo Gallery

Annual tree growth at lower elevations in Colorado is closely correlated with
variations in precipitation, snowpack, streamflow, and drought indices. Thus,
tree rings can be used to reconstruct records of these hydroclimatic variables
for the past 300 to 750 years, or longer. For the TreeFlow project, we're
developing new hydroclimatic reconstructions in partnership with water
resource managers. This project is funded by the NOAA Office of Global
Programs Climate Change Data and Detection Program and the
MNOAACIRES Westem Water Assessment Program, a Regional

Sciences and Assessments program. YWork was also partially funded by the
A B50 year-oid Douglas-fir stands just east of  National Science Foundation (ATWFI0S0883)
Dilion Reservolr. it and 15 other very old trees

were sarpied to develop the Dillon (D) tree-ring

chranology, which has been used to reconstiuct

the annual flow of the Blue River.

For more information, contact:
Dr. Connie Woodhouse, Paleoclimatalogy Branch, MOAA National Climatic Data Center, connie woodhouse@inoas gov, 303/
Jeff Lukas, Institute of Arctic and Alpine Research (INSTAAR), University of Colorada, Jukas@colorado. edu

Dr. Robert 3. Webb, NOAADAR Climate Diagnostics Center, robert. s webb@noaa. gov, 303-497-6967

NOAA-CIRES

‘“%'AJ’@#\}'

) TreeFlow - Streamflow Reconstructions - Mozilla Firefox

File Edit ‘Wiew Go Bookmarks Tools Help

P, =
QZl - Ll«” - @ |_| @ |3 hiktp: flv . ncde, noaa. govfpaleofstreamflowreconstructions . html

v @ « [[GL

|| Customize Links | | Free Hotmal | | windows Media | | windows

NOAA Satellite and Information Service

National Environmental Satellite, Da

Arkansas, Uppe
generated, and another

Mational Climatic
Data Center

VA4

4 Reconstructions for
Rio Grande headwaters
gages in Colorado

TN =t=] a1 [} ]

Department of Commerce

Search NCDC

ctions have been

To access the reconstruction fata: click on a gage name below OR go to Gage Map

O Upper Colorado Basin

Fraser River at Winter Park

Fraser Riwer at Colorado River cghfluence
Willow Creek Reserair [nflow
Colorado River above Granby
Wyilliarms Fork near Leal
BElue River at Dillan
Blue River above Green

funtain Reserair

[ Rio Grande Basi
Alamosa River abowff Terrace Reservoir
Saguache Creek t Saguache
Conejos River near Mogote

Rio Grande near Del Morte

http://www.ncdc.noaa.gov/paleo/streamflow

O South Platte Basin

South Platte River above Cheesrman Reservair
South Platte River at South Platte

Morth Platte River at South Platte

Clear Creek at Golden

Boulder Creek at Crodell

St Wrain River at Lyons

Big Thompson River at Canyon Mouth

Cache la Poudre River at Canyon Mouth

[ Arkansas Basin
Arkansas River at Cafion City




Links to data: Woodhouse et al. 2006 -
Upper Colorado River Basin streamflow

NOAA Satellite and Information Service V\-’V Nam’ga't cgma:i
National Environmental Satellite, Data, and Information Service (NESDIS) y 5 pepartme ,?, 3 r_..?.,:,]“.ﬁ "
WDC for Paleoclimatology . | LiSsorh NERG

Home - Research - Data - Education - What's New - Features - Perspectives - Site Map - Mirrors

Updated Streamflow Reconstructions for the Upper
Colorado River Basin

Updated Streamflow Reconstructions for the Upper Colorado
River Basin
| Water Resources Research

Yol 42, WOs415, 11 May 2006.

Connie A. Woodhouse', Stephen T. Gray?, David M. Meko®

1 NOAA Mational Climatic Data Center, Boulder, CO
.S, Geological Survey, Desert Laboratory, Tucson, AZ
% Lahoratory of Tree-Ring Research, University of Arizona, Tucson AZ

Satellite image of Lake Powell, Utah on the Colorado River above Lee's
Ferry, Arizona, USGS Landsat Photo.

ABSTRACT:

Updated proxy reconstructions of water year (October-Septermber) streamflow for four key gauges in the Upper
Colorado River Basin were generated using an expanded tree ring network and longer calibration records than in
previous efforts. Reconstructed gauges include the Green River at Green River, Utah; Colorado near Cisco, Utah;
San Juan near Bluff, Utah; and Colorado at Lees Ferry, Arizona. The reconstructions explain 72-81% of the
vatiance in the gauge records, and results are robust across several reconstruction approaches. Time series
plots as well as results of cross-spectral analysis indicate strong spatial coherence in runoff variations across
the subbasins, The Lees Ferry reconstruction suggests a higher long-term rmean than previous reconstructions
but strongly supports earlier findings that Colorado River allocations were based on one of the wettest periods in
the past 5 centuries and that droughts more severe than any 20th to 21st century event occurred in the past.

Download data from the WDC Paleo archive:

Upper Colorado Streamflow Reconstructions in Text or Microsoft Excel format.
Supplermentary Data 1. Chronology data and metadata

Supplementary Data 2. Regression equations and coefficients, PC data
Supplermentary Data 3. Loadings from PCA on chronologies

To read or view the full study, please visit the AGU website.
It was published in Water Resources Research, Vol 42, 05415, 11 May 2006.

Colorado R. at Glenwood Spgs, CO
Colorado R. nr Cisco, UT

Colorado R, at Lees Ferry, AZ
Green R. nr Green River, WY
Green R. at Green River, UT
Gunnison R. at Crystal Reservoir
Gunnison R. nr Grand Junction, CO
San Juan R. nr Archuleta, NM

San Juan R. nr Bluff, UT

Dolores R. nr Cisco, UT

http://www.ncdc.noaa.gov/paleo/pubs/woodhouse2006/woodhouse2006.html



Links to data: Ni et al. 2002 — Southwest US (AZ/NM)
November-April precipitation
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Flow (% of mean)

Links to data: New in 2007: Reconstruction of
Colorado River at Lees Ferry, AD 762 - 2005

120 | | | I

I
e : ; 5 0% Confidénce Interval 29- ear.
ol Reconstructed. Obsprvad |
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: 1
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| it 1 ! RN
g5 - I W =
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g0 |- -4
B B N 3 r_*_ ¥ ____ _ _ L
Lowest Obsarved =87% of 1906-2004 mean i
an L | | |

I
a00 1000 1200 1400 1600 1800 2000
Ending Year of 25-yr Running Mean

25-yr running means of reconstructed and observed annual flow of
the Colorado River at Lees Ferry, expressed as percentage of the
1906-2004 observed mean.

From: Meko et al. 2007. Medieval Drought in the Upper Colorado River Basin,
Geophysical Research Letters
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Part 6:

How the reconstructions can be used In
water management
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Figure 5. Demands & Supplies: 15% Reduced Flow Hydrology, Current Trends
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How are streamflow reconstructions being used by
water providers and other decision makers?

Applications can be considered in a 4-tiered context:

 Information is consulted; looked up or received in a briefing
(awareness)

 After it Is consulted, it is considered in management (how to
use?)

« Some form of the information Is incorporated into operations
(modeling challenges)

 Information is used in the communication of risk, and
ultimately may play a part in decision making (who makes the
decisions and upon what are they based?)

From Ray (2004)



o After it Is consulted, it is considered in management.

: © San Luis VaIIey &
Rio Grande Water _—

Sapsnte

Conservation District (Upper R
Rio Grande River) A
i ks

Water management concerns: DA e

e rural area dependent on agriculture r ¥ %o (
e current unsustained groundwater , 2 e
withdraws '?Wm’ e

* Since 2002, the driest year on T— L

record for the Rio Grande, the level st T

of the unconfined aquifer has e T J |
dropped by nearly 800,000 acre-feet  [8=== ==_ 1 5
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Are the wet periods experienced in the
20" century record the “normal” state?

What is the character of long-term, low-
frequency variations in water supply that affect
aquifer levels?




Comparison of Annual Flow and Changes in Unconfined Aquifer
Storage, 1976-2003
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Reconstructed Rio Grande Streamflow, 1536-1999
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Rio Grande Streamflow, reconstructed, (blue) and gage (red), 10-year running average
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2000

Comparing the short period of instrumental record with the
long-term record from the tree-ring data:

Implications for long-term groundwater management?




» Some form of the information is incorporated into operations.

Denver Water

Denver Water uses a water system
model called the Platte and Colorado
Simulation Model (PACSM)

PACSM is an integrated system of
computer programs that simulate
streamflows, reservoir operations
and water supply in the South Platte
and Colorado River basins.

Hydrologic Period: 1947 — 1991
Daily data, 450 locations
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Denver Water — integrating tree-ring data into
a water supply model

e Denver Water's Platte and Colorado Simulation Model
(PACSM) requires daily model input from 450 locations

 An “analogue year” approach matched each year in the
reconstructed flows (1634-2002) with one of the 45 model
years (1947-1991) with known hydrology (e.g., 1654 is
matched with 1963), and use that year’'s daily hydrology

 Reconstructed years with more extreme wet/dry values are
scaled

 PACSM was then run to simulate the entire reconstruction
period (1634-2002)



Denver Water - water supply yield analyses
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 Information is used in the communication of risk, and ultimately may play a
part in decision making

Worst case scenarios for drought planning:
An example from the City of Chandler (AZ)
« What should be the basis for a worst case scenario for drought?

* One suggestion was to use the driest year on record, 2003, for 10
or 20 consecutive years.

 After considering reconstructions of Colorado River basin
streamflow, this seemed improbable

e Instead, a scenario of 10 dry years out of 25 years is being
considered as being more realistic

 Although the City is not actually incorporating the streamflow
reconstructions into a water supply model, they have found the tree-
ring data valuable for decision making regarding drought.



Another application: Using reconstructed climate
variability to model possible future variability

1) Long-term climate can contain variability at several
different frequencies

Reconstructed Colorado River Flow, 1490-1997
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2) This information may be identified and extracted using
a statistical approach called wavelet analysis

Lees-B streamflow, reconstruction, wavelet, and global wavelet
41 | | | | | | | | |
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3) The low frequency information can be modeled to simulate
low-frequency natural variability into the future.

+ Results: simulation of Lees Ferry Flow

45X 10 | e
—=— Observed Lees-B Discharge
ar Simulation Uncertainty Bounds |
35" ~*  Simulation Median .
\
S 3
O
<25
(<B)
(@)
S 2
<
A
A 15
1
0.5
\ ‘\

\ \ \ \ \ \ \ \ \
0 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050
Time(year)



How relevant is
the past to current
and future
conditions?

Spring temperatures in
the Upper Rio Grande
(Colorado) basin have
risen, particularly since
the 1970s, but clear
trends in precipitation
are not evident

degrees F

Colorado Division 5 (San Luis Valley) Spring Temperatures
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Colorado Division 5 (San Luis Valley) Oct-Sept precipitation
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Increased temperatures are already evident in many
areas, and are manifested in changes in winter

precipitation

Warming even without changes in precipitation amount will
amplify the impacts of drought

Shift from Snowfall to Rainfall

Trends in ratio of winter (Nov-Mar) snowfall water equivalent
(SFE) to total winter precipitation (rain plus snow) for the
period WY1949-2004. Circles represent significant (p<0.05)
Knowles et al. 2005, AGU trends, squares represent less significant trends.




In the upper Rio Grande
watershed, shifts to more ot . St 0 e
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winter rain are not yet :
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warmer spring
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Projected Patterns of Temperature Changes

Temperature change, degrees C

A1B, 2020-2029 BN A1B, 2090-2099
005115225335445555665775

Projected Patterns of Precipitation Changes

multi-model A1B _AB JUJA
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@IPCC 2007: WG1-AR4




Down-scaled projections for the Rio Grande basin

Average monthly streamflow for Rio Grande and tributaries for 3
climate change models and the A1B scenario

acre feet (kaf)
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From: Hurd and Coonrod (July 2007) Climate Change Impacts on New Mexico’s Water Resources,
http://agecon.nmsu.edu/bhurd/hurdhome/index.htm




With regard to future climate, two things are more
certain:

* iIncreasing temperatures

» decreasing water supply as a result of warmer
temperatures and earlier snowmelt

Paleoclimatic records provide a Rio Grande Reconstructed Streamflow
broader range of variability, o
including droughts, than the o el Wosnrss
instrumental records. ActHERR
1000
There is no reason to think we S
will experience a smaller range of =
c oMc 5 o
natural variability in the future. = 0
400
Consequently paleohydrologic
- . - 5 200
records, in combination with
temperature projections, may be 0 75005 76005 17005 16008 79008
useful for assessing future Century

(1500s from 1539)

climate scenarios.



Combining information from the past and scenarios for
the future: 150

30,000

An example from
the City of Boulder

- 3
* Tree-ring streamflow g oo
reconstruction data were T 5000
used as input to a water g

Demand equals supply when shortages = 0
SyStem m0d9| . 10.000 Mumber of years with shortage =18

Awverage annual shortage = 791 AF

Max annual shortage

e The model was run using san0{ eI e

several scenarios: here, Shoriage: 3200 8F

USIng a 15% rEdUCtlon Of ':?I:I:!- 1723 1743 1763 1783 1803 1823 1843 1863 1883 1503 1923 1943 1363 1983
flow, and current trends in

demand. Figure 5. Demands & Supplies: 15% Reduced Flow Hydrology, Current Trends

Scenario (demand = 31,700 AF/year).
* Results indicate 13 years

. . Table 2: Boulder’s Drought Response Triggers and Demand Reductions
would require the City to go

I | 4 d h Projected Drought Alert Total Annual Water Use Irrigation Season Water
Storage Index (1) Stage Reduction Goal Use Reduction Goal
tO aleve rou g t Greater than 0.85 MNone 0% 0%
Between 0.65and 0.7 | 8% 10%
response Between 0.7 and 0.55 Il 14% 20%
Between 0.55 and 0.4 ] 22% 30%
Lessthan 0.4 v 40% 55%

From Hydrosphere Resource Consultants: Report to the City of Boulder, Sept. 2003



The take-home messages

1) Tree-ring reconstructions are useful in that they provide
more “hydrologic experience” without the pain

2) Tree growth in this region is particularly sensitive to
variations in moisture availability, and thus streamflow

3) The methods to develop tree-ring chronologies and
streamflow reconstructions are designed to capture and
enhance this moisture signal

4) A reconstruction is a best-estimate based on the
relationship between tree-growth and gaged flows;
there is always uncertainty in the reconstructed flows



The take-home messages

5) The reconstructions (almost) always show drought events
more severe/sustained than those in the gaged record

6) There are different levels of application of reconstruction
data, depending on the needs and management context of
the data user

7) Climate change will impact future hydrology, but information
about past climate and hydrology is relevant and useful for
planning for the future



Part 7.

Existing reconstructions for the
Rio Grande and San Juan basins
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Streamflow
reconstructions
for the

Rio Grande and
San Juan River
basins

Gage
reconstructions
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San Juan River at Archuleta, NM
Gaged vs. Reconstructed Flows, 1906-1995

3000 - Qbserved
—— Reconstructed
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¥ 2000 - \ A A \
= | -
2 1500 | / \ { ' \ \ “ ‘
B | \ V f I
2 1000 - \ YA
c R RAVATITIARNR AN, \
< 500 - | | '
0

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

 Natural flow estimates used for the calibration from USBR
e Explained variance =72%

Not shown, but the 2002 natural flow value was estimated
to be -23 KAF (!)



Reconstruction of San Juan River at Archuleta, 1569-1999
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e 10 years w/ reconstructed flows below 1977 (70 KAF)

» Lowest 5-yr reconstructed running mean (1879-1883) = 423 KAF

1950

2000

e Lowest 20t"C 5-yr running mean (1959-1963)= 840 KAF gage, 876 KAF
reconstructed
e 2000-2004 running mean = 459 KAF



. Rio Grande near Del Norte, CO
. Gaged vs. Reconstructed Flows, 1890-1997

)
s > | f/\A YRR
Mg
1 ooncirtod N .

1900 1920 1940 1960 1980 2000
year

75.5% of the variance in the Rio Grande gage record is explained
by the reconstruction. About 25% of the variance is unexplained,
representing the uncertainty in the reconstruction model.



Reconstruction of Rio Grande annual streamflow,
1536-1999

1400000

1200000 —
1000000 —

800000 —

Acre feet

600000 — ' l’ " U\ﬁﬁ b—d b

200000 — . r
I 1977

400000 —

0 |
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000

Years

* How representative is the 20" century in the context of the
past centuries?

» Have there been more severe droughts prior to the gage
record?



Comparison of 20th century and full reconstruction

Rio Grande Reconstructed Streamflow
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Box & Whisker Plot ® Median
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# of events

Drought duration
Reconstructed Rio Grande streamflow

60

60 20th century only

S0 +

40 +

50

30

40

20 +

10

30

0

1 2 3 4 5 6 7 8 9 10 11
20

Full reconstruction,
1536-1999

10

1 2 3 4 5 6 7 8 9 10 11
Duration (# yrs below average)

Here, drought is
defined as one or
more consecutive
years below long-
term average.

Full reconstruction
average = 638 KAF

20th ¢ reconstruction
average = 661 KAF



AF x 100,000

Droughts are not evenly distributed over time

Reconstructed Rio Grande Streamflow, 1536-1999
Periods of below average flow (2 yrs or more)

units are departures from long term average
i | "
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| | |
i
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000



Rio Grande low flow extremes, 1536-1999

SINGLE YEAR
1861 62335
1685 99417
1773 102332

Lowest Flows
3-YEAR AVERAGE

1845-47

1879-81

1622-24

330914
331303
337186

5-YEAR AVERAGE

1879-83

1622-26

1878-82

338999
363389
371327

Historical accounts can help validate the streamflow reconstruction

» 1840s (mid to late) — Severe drought due to below average precipitation occurred

(Denevan 1967, Ellis 1974); perhaps in response to these conditions, and an

accelerating decrease in bison on the eastern plains, various nomadic Indian groups

stepped up their raiding along the Rio Grande (Bloom 1914)

» 1861 - The Rio Grande was dry from Socorro to below El Paso (Follett 1898)

» 1879 - A drought resulted in crop failure and the loss of many sheep for the Navajo,
who increased their raids on Zuni and Hispanic livestock (Ellis 1974)

» 1880 - There was a severe drought in the territory (Bancroft 1889)

from Scurlock 1998



Low-frequency variations -
periods of wet and dry conditions

Rio Grande streamflow reconstruction, 1536-1999

smoothed with a 20-year running average
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Flow (percent of mean)

The 2000-2004 drought in a long-term context

Rio Grande Flow, 5-year moving average
Gage (red) and reconstructed with 80% confidence intervals (black and purple)
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Comparison of San Juan
and Rio Grande Annual
Streamflow, gaged and
reconstructed

San Juan and Rio Grande Gage Records, 1906-1999
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Part 8:

Where to go next

1500 1600 1700 1800 1900 2000



New Mexico chronologies in the ITRDB

Chronologies: building
blocks for new flow
reconstructions

Main limitation of
existing data is
recentness:

- most collected in
1970s and 1980s; only
12 extend through
1990 or later

At least 4 post-2000
NM chronologies are
not in ITRDB, plus the
4 collections in 2007




Future Web resource for
NM flow reconstructions

At right: Colorado
TreeFlow — data is
accessed by clicking
on gage name or
symbol in map

Streamflow Reconstructions

A trae-ning reconstuchon of stresmdes = deloped by cabbeabing seveel See-ang chronolngies with & gage recard b
exiend that racord into fhe past W heve developed ower 20 recoeatspcimes of snousl sireamflow, in the Soulh Plstle,
Arkanear, Lipper Colorade, snd R Grngs tazins lpdates Septembes BHS; Seen new meomstruchions hae bean
garmmbad, ard sncther has been vpdated o 2002 Ses detnils foiow

To sccess the reconstruction data: click on a gage name below OR go to Gage Map

Cllpper Colorads Basin
Framer Rwer a1 $Wintmr Park

[ Spuih Platte Basin

L | ELST
Streamflow Reconstructions

- Hold cursor over gage (0] 10 see name
- Click en gage to access data
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Example of Web-based visualization tool for climate data

Online Forecast Evaluation Tool

Take the Tutorial

We are interested in impro g th diala g e betw
searchers, forecasters, and Fth p odu ct W
u to e-rmail u th q estio nd comments
ts, how l,l th erm, an d about the
information on thls webslte.
recasts, contact Hally Hartmann:
d

.edu
about this website, contact the Webrnaster:
u

Advance warning of climate or hydrologic events can help you avoid
losses or allow you to take advantage of unigue opportunities, This
wiebsite will help you get the most use out of a variety of different

forecasts,

Which forecasts are you interested in
@ seazonal Climate Forecasts

Inltlally for NWS CPC climate forecasts

Six elements in this webtool:

e Forecast Interpretation — Tutorials, Quiz
» Exploring Forecast Progression
 Historical Context

» Forecast Performance

e Use in Decision Making

 Details: Forecast Techniques, Research

http://fet.nwr.arizona.edu/ForecastEvaluationTool/



User interface — user follows numbered steps (red circles)
- Southern NM selected as region of interest

Historical Analysis and Analogs

The following graph shows recent conditions compared to a 20-year climatology. It also uses examples from the past to represent the many possibilities of what
happen in the future. ¥You can select specific years from the past to be highlighted, so you can see how some conditions may be more likely than others {e.g., d
Nifio or La Mina periods).

1. Make selction(s) from menu(s) below.
2. Click on an area on the map.
3. If you would like to see a probability plot for a specific time period, select the period on the graph.

o which Climate Variable are you interested in? o Choose (Click) target area on the map.
Precipitation 1 Month @ 3 Month {(Seasonal)

Temperature )1 Month o) 3 Month {Seasonal)

How many months of the recent past do you want to see?

hd
12 JEX]

How many months into the future do yvoo want to see?

h

Historic Conditions Analogs: Examples of Possible Futures
Precipitation f Southern New Mezico (102) Precipitation f Southern Mew Mexico (102)
This plot shows 3 month {seasonal) Precipitation for the Possibilities for the future 12 Months are shown in this
last 12 Months compared to the historic tercile cateqaories subplaot, using each 3 month (seasanal) period from the
from 1971-2000, past 40 years, 1961-2000,
Tercile Categories: Wl}t- Neutra - '_‘.-ry- e Analog Selector

Recent Observations: o—o—=n
F I i ] E
Applet edu,hwr.fet.applets.pap. PAPApplet started

i — —— S—




- At left, 1971-2000 climatology for seasonal precip is divided into terciles
(wet-neutral-dry)
- Analog Selector (3) is used to highlight analog “possible futures” (blue
“spaghetti plot”)

L

T

Iast 12 Months u:u:umpared to the historic tercile categories
from 1971-2000,

Tercile Categories:

T

.

Recent Observations:

- -
==] = P

Seasanal Total Precipitation (inches)
=3

= T T

‘-"'-I"'-‘L- Meutra - '_‘,lry-
o—o—a

T TR T T 7T =TT

HD.J JFM MAaM mMJad
A%0 2006 - 145 2007

Current
SEEEDH

Zﬂﬂ?

sul:uplu:ut using each 3 month {seasonal) period Fru:urn the
past 40 years, 1961-2000.

Seasonal Total Precipitation {inches)

|||||

T

X T

TOTICIT >y 7T

T T 1T

JAS SON  HNDJ
Jas 2007

JFM MAM

- 118 2003

M.JJ

o Probability of Exceedance Graph

To wiew graph:

JAS

Use the slider below to select the season from the
chart above, Select a season by mowving shaded

area and clicking on it.

oM

D

]

F

1l

|Il_l||

1l

]

]

|Il_l||

e Analog Selector

El Mina
La Min
Meither El Min

Low Pacific Decadal

3

Applet edu,hwr.fet.applets.pap. PAPApplet started

L P—



- User has selected all years in 1960s as analogs (blue lines; other
years are gray)

Historic Conditions

Precipitation f Southern Mew Mezico (102)

This plot shows 3 month {seasonal) Precipitation for the
last 12 Months compared to the historic tercile categories
from 1971-2000,

Tercile Categories:

‘-"'-I"'-‘L- Meutra - '_‘,lry-
o—o—a

Recent Observations:

-
P

-
=

Seasanal Total Precipitation (inches)

JFM MAM
A%0 2006 - 145 2007

Current
Seaszon!
JAS
2007

Seasonal Total Precipitation {inches)

Analogs: Examples of Possible Futures
Precipitation f Southern Mewr Mexico (102)
Fossibilities for the future 12 Months are shown in this
subplot, using each 3 month {seasonal) period from the
past 40 years, 1961-2000.

e Analog Selector

e e e e e

2000

JA SON  HNDJ JFIM MAaM MJJ JAS
JAS 2007 - 118 2005

o Probability of Exceedance Graph Meither EI Min
To wiew graph: High Pa ;
Use the slider below to select the season from the Mid P

chart above, Select a season by mowving shaded
area and clicking on it.

Fomoa M

Applet edu,hwr.fet.applets.pap. PAPApplet started

L




- Here, user has selected all years in 1990s as analogs — note three
years with very high winter precip (red oval)

Historic Conditions

Precipitation f Southern Mew Mezico (102)

This plot shows 3 month {seasonal) Precipitation for the
last 12 Months compared to the historic tercile categories
from 1971-2000,

Tercile Categories:

‘-"'-I"'-‘L- Meutra - '_‘,lry-
o—o—a

Recent Observations:

- -
= P

[==]

Seasanal Total Precipitation (inches)

JFM MAM
A%0 2006 - 145 2007

Analogs: Examples of Possible Futures
Precipitation f Southern Mewr Mexico (102)
Fossibilities for the future 12 Months are shown in this
subplot, using each 3 month {seasonal) period from the
past 40 years, 1961-2000.

e Analog Selector

Seasonal Total Precipitation {inches)

1 1991
1 10037
1 1
1 1994
1 1995
1 190¢
1
1
198¢C

o+ + + + + + + . + + + + | 1390

Ji SON  NDJ JFM MaM MJJ JAS

JAS 2007 - 114 2008 El Mino Only
La Min:
o Probability of Exceedance Graph Meither EI M

To wiew graph: High Pa

Use the slider below to select the season from the

chart abowve. Select a season by moving shaded Low Pacific

area and clicking on it.

S oMND I FMAMI I A

Applet edu,hwr.fet.applets.pap. PAPApplet started

L




File Edit \View History Bookmarks Tools Help o
- Here, user has selected La Nina years and
=15l g viewing a POE (probability of exceedance)
Southern New Mexico (102) i
T graph for Jan-Feb-Mar precip
a 1
E i Analogs: Examples of Possible Futures
a ' Precipitation / Southern New Mexico {(102)
E‘I 1 JEM Plots Possibilities for the future 12 Months are shown in this
o | i subplot, using each 3 month {seasonal} period from the
I _ All Years past 40 years, 1961-2000.
12 51 | —La Nina Only
= ' © Analog selector
3 z |
ELN | e |
% 0.0 0.2 0.4 0.6 0.8 1.0
I= Probability of Excesedence
Java Applet Window

|
(==]

Seasanal Total Precipitat
=Y

SON  HDJ JFM MAM

AZ0 2006 - 145 2007

MJJ  JAS

Seasonal Total Precipitation {inches)

1930 1990

JFM MaM mMJAd JAS
| JAS 2007 - 118 2005 El Ming ©nly

La Mz Snoly

Meither El Mino nor La Mina

Current

Season: o Probability of Exceedance Graph
2007 To wiew graph:

Usze the slider below to select the season from the
chart above, Select a season by moving shaded
area and clicking on it,

=V FEEE

=

Applet edu.hwr.fet.applets.pap. FAPApplet started

i P—



File Edit \View History Bookmarks Tools Help

- And the same, but for EI Nino years

Southern New Mexico (102)

Analogs: Examples of Possible Futures

| | | | Precipitation / Southern Mewr Mexico {(102)

S S ] S S A S T S — Possibilities for the future 12 Months are shown in this
subplot, using each 3 month {seasonal} period from the

=]

& JFM Plots past 40 years, 1961-2000,
— Al Years
31 —El Hino Only e Analog Selector

-
=
1

0.2 0.4 0.6 0.8 1.0
Probability of Exceedence

IJa Applet Window

.==
=2

inth Season Total Precipitation

G

Seasonal Total Precipitation {inches)

Ji SON  HNDJ JFM MAaM MJd o JAas
JAS 2007 - 118 2005

JAS  SON  HNDJ JFM MaM M JAS
AZ0 2006 - 145 2007

=t
: o) |
o |
= [ 4K
w e 1
n -
s 271 | 2 1968
% | Tagh R 19aq4q
o " S - e : i ] 1 = . FFZ
W e e i HEH o
1] | o+ + + + 4 + + + + ' | 1970 SEL 1 1 2000
|
|

La Mina O

Current htn
SeJaAEgn: o Probability of Exceedance Graph Meither El Nina Mina
2007 To wiew graph: acific Decadal cillations=
Usze the slider below to select the season from the cific O d illations=

chart abowve. Select a season by moving shaded Low Parcific Decadal illations
area and clicking on it,

g | T |

Applet edu.hwr.fet.applets.pap. PAPApplet started

) y— —r — —— 1



Potential features of similar visualization tool
for paleo-hydrologic data

 Compare segments of reconstructed flow record with
distribution of observed flows

» Use segments of reconstructed flow (5-year, 10-year, 20-
year) as possible “future analogs”

» Generate probability of exceedance graphs based on
reconstructed flows, compare to observed flows



Discussion

 What are your needs and concerns that might be
addressed by these data?

« Gages of interest — we will be generating preliminary
reconstructions with data currently available (proposal

pending for updated and new collections) —what gages
should we target?

 Ways to display and analyze data: examples of display
from Holly’s work to get you thinking

* Interest in working with whomever is interested to produce
results for follow-up workshop next spring



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Key advances in dendrochronology, dendroclimatology, and dendrohydrology  
	Key advances in dendrochronology, dendroclimatology, and dendrohydrology  
	Slide Number 23
	The formation of annual growth rings
	Climate is typically the limiting factor for tree growth in the intermountain West
	The moisture signal recorded by trees in this region is particularly strong
	This moisture signal in tree rings can be a proxy for multiple moisture-related variables 
	  
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Colorado at Lees Ferry - forward stepwise regression 
	Colorado at Lees Ferry - forward stepwise regression 
	Colorado at Lees Ferry - forward stepwise regression 
	Colorado at Lees Ferry - forward stepwise regression 
	Colorado at Lees Ferry - forward stepwise regression 
	Colorado at Lees Ferry - forward stepwise regression 
	Colorado at Lees Ferry - forward stepwise regression 
	Slide Number 55
	Slide Number 56
	How does the reconstruction compare to the gage record? 
	Subjective assessment of model quality  
	Subjective assessment of model quality  
	From model to full reconstruction
	Slide Number 61
	Uncertainty in the reconstructions 
	Slide Number 63
	Sensitivity to other choices made in modeling process�
	Slide Number 65
	Slide Number 66
	Slide Number 67
	Slide Number 68
	Slide Number 69
	Slide Number 70
	Slide Number 71
	Slide Number 72
	Slide Number 73
	Slide Number 74
	Slide Number 75
	Slide Number 76
	Slide Number 77
	Slide Number 78
	Slide Number 79
	Slide Number 80
	Slide Number 81
	Slide Number 82
	Slide Number 83
	Slide Number 84
	Slide Number 85
	Slide Number 86
	Slide Number 87
	Slide Number 88
	Slide Number 89
	Slide Number 90
	Slide Number 91
	Slide Number 92
	Slide Number 93
	Slide Number 94
	Slide Number 95
	Slide Number 96
	Slide Number 97
	Slide Number 98
	Comparison of 20th century and full reconstruction  
	Slide Number 100
	Slide Number 101
	Slide Number 102
	Slide Number 103
	Slide Number 104
	Slide Number 105
	Slide Number 106
	Slide Number 107
	Slide Number 108
	Slide Number 109
	Slide Number 110
	Slide Number 111
	Slide Number 112
	Slide Number 113
	Slide Number 114
	Slide Number 115
	Slide Number 116
	Discussion 

