Workshop on the application of tree-ring
data to water management
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Conveners: Connie Woodhouse, University of Arizona
and Jeff Lukas, University of Colorado
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Welcome and Logistics
Plan for day:

* Welcome, introductions, and some history

e Background on tree-ring data and methods

e Overview of application issues and challenges
e Presentations from participants and discussion
« Wrap-up and follow-up activities

Morning and afternoon breaks
Box lunches outside

Parking
Dinner
*Who Is here - Introductions*
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Background and History

1998-99 - Connie develops annual flow reconstructions for Boulder
Creek and Clear Creek

2002 - Connie and Robin Webb get NOAA grant to develop
hydroclimatic reconstructions in partnership with water managers
(TreeFlow project); Jeff is hired to help with the project - partners
include Denver Water, NCWCD

2002-2006 - Development of 20 streamflow reconstructions for gages
across Colorado (S. Platte, Upper Colorado, Arkansas, Rio Grande) in
collaboration with partners

Streamflow (KAF)
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Background and History

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, USBR EIS



So why use tree-ring data?
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From Tree to Trace: How tree-ring
reconstructions of streamflow are generated
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Part 1:
How Tree Rings Work
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CROSS SECTION of a CONIFER How annual growth

rings form
bark
phlioem
vascular _
| combium * New wood forms in the
false ring vascular cambium, underneath
the bark

 Earlywood + latewood =
growth ring

g

= |otewood

* |In temperate climates, growth
ring = annual ring

earlywood

* 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 middle and lower elevations,
growth is typically limited by
moisture availability (precipitation -
evapotranspiration)




The moisture signal recorded by trees in this

Precipitation (in.)

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)

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

« Moisture signal can be used to reconstruct precip, PDSI, SWE,
and streamflow



Ring-width and streamflow - an indirect but
robust relationship

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

PRECIPITATION SURFACE
EVAPO. - & SUB-
TRANSPIRATION SURFACE

% INFLOW

o
OUTFLOW

Image courtesy of D. Meko (U. AZ)



Principal moisture-sensitive species - CO, UT, AZ, NM

Douglas-fir Pinyon Pine Ponderosa Pine

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



Stressful sites produce ring series with greater
sensitivity (higher signal:noise ratio)

Green Mtn. Res, CO

COMPLACENT
RING SERIES RING SERIES

Fritts 1976



Part 2:

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



Steps in building a tree-ring chronology

Multiple samples
at a site

Crossdating
Measuring

Detrending

Series (of
ring-width
indices)
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Sampling the trees

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

 Goal: maximize the sample depth
throughout the chronology (300-800+
years)

e 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

1900 1910 11920 1930
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m—— - trees south
of Boulder,
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Measuring the samples

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



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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Part 3:

Generating the Reconstruction

Gaged —
—— Reconstructed
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Reconstruction = best estimate of past flows, based on the
relationship between the tree-ring data and gaged flows



Overview of reconstruction methodology

Tree Ring data Observed Streamflow
(predictors) (predictand)

' '

Statistical Calibration: regression

Reconstruction Model 4—>_

Time Series of Reconstructed Streamflow

based on Meko 2005



Reconstruction modeling strategies

* Individual chronologies are
used as predictors in a stepwise
or best subsets regression

OR

« The set of chronologies is
reduced through Principal
Components Analysis (PCA)
and the components
(representing modes of
variability) are used as predictors
In a regression

Tree-ring chronologies (predictors)

\

Statistical calibration: regression

Tree-ring chronologies

v

Principal Components (predictors)

v

Statistical calibration: regression

Many other approaches are possible (e.g., quantile regression, neural

networks, non-parametric methods)



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




Model validation strategy

Goal: to calibrate model on a set of data, and validate the
model on an independent set of data

700000 ahs
— 8 steps

600000

Split-sample with
independent calibration
and validation periods

100000 -

Calibration Validation
1915 1925 1935 1945 1955 1965 1975 1985 1995

700000 ohs
— 8 std

Cross-validation ps
(“leave-one-out”)
method

300000 -

200000 -

100000 A

Calibration/validation
1915 1925 1935 1945 1955 1965 1975 1985 1995




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
A\h’ Variance Explained
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Colorado at Lees Ferry - forward stepwise regression
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Model validation and skill assessment

» Are regression assumptions satisfied?

» 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

R2 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 -
©
< 20 -
3
c 15 -
]
>
S 10 -
<
5 _
O I I I I I I I I !
1905 1915 1925 1935 1945 1955 1965 1975 1985 1995
Observed | Recon'd The means are the same, as expected
Mean 15.22 15.22 from the the linear regression. Also as
M?‘X 25.27 23.91 expected, the standard deviation in the
Min 5.57 4.71 reconstruction is lower than in the gage
StDev 4.32 3.88 record, but in this reconstruction, the
Skew 0.16 -0.14 lowest flow value is slightly
Kurtosis -0.58 -0.37 underestimated.
AC1l 0.25 0.04



From model to full reconstruction

Tree-ring chronologies (predictors)

Reconstruction model _

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



Colorado R. at Lees Ferry Streamflow reconstruction,
1490-1997
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Uncertainty in the reconstructions

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

* 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, which is the result of many choices in the
treatment of the data and development of the model

* The uncertainty associated with these data and modeling
choices is not formally quantified but sensitivity analyses
can help assess their impacts (more on this later).



Using RMSE to generate confidence intervals for
the model

30

Colorado R. at Lees Ferry
25—

Gage

Reconstruction

95% CI on reconstruction

0 - Il + et | I S 4 - -4 :
1900 1920 1940 1960 1980 2000
Year

« 2 x RMSE approximates the 95% confidence intervals
around the reconstruction

e So the Cls should encompass ~95% of the gage values



Where to find reconstruction data
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Research Publications Resources Products Announcements

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

links to:

» TreeFlow for Colorado

» TreeFlow for California

» Woodhouse et al 2006 - Upper Colorado
 LTRR/Salt River Project - Lower Colorado
 NOAA World Data Center for Paleoclimatology



Colorado TreeFlow
web site

| ¥3 TreeFlow -- Home Page - Mozilla Firefox

File Edt View Go EBookmarks Tooks Help
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[ Customize Links [ Free Hotmail || Windows Media || Windows
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Data Center
National Environmental Satellite, Data, and Information Service (NESDIS) y 5. pepartment of Commerce

NOAA Paleoclimatology |

| (SearchncDC

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

3 TreeFlow - Streamflow Reconstructions - Mozilla Firefox

File Edit “iew Go Bookmarks Tools Help

P =
QZI - LVJ - %] |_| @ |'3 hiktp: /vy, ncde. noaa, gowfpaleosskrearnflow freconstructions  hkml

| | Customize Links | | Free Hotmail | | wWindows Media | | ‘Windows

NOAA Satellite and Information Service VVV National Climatic ¢
Data Center

Mational Environmental Satellite, Data, and Information Service (NESDIS) y 5 pepartment of Commerce

NOAA Paleoclimatology | |[BearchNCDC

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

TreeFlow Home - Background - Chronologies - Reconstructions - Case Study - Resources

Streamflow Reconstructions

A tree-ring reconstruction of streamflow is developed by calibrating several tree-ring chronologies with a gage record to
extend that record into the past. We have developed over 20 recaonstructions of annual streamflow, in the South Platte,
Arkansas, Upper Colorado, and Rio Grande basins. Updates September 2005: Seven new reconstructions have been

Streamflow Reconstructions (updated October 2005)
Blue River Case Study

Additional Resources

Photo Gallery

Annual tree growth at lower elevations in Colorado is closely correlated wi
wariations in precipitation, snowpack, strearnflow, and drought indices. Thi
tree rings can be used to reconstruct records of these hydroclimatic varial
for the past 300 to 750 years, or longer. For the TreeFlow project, we're
developing new hydroclimatic reconstructions in patnership with water
resource managers. This project is funded by the NOAA Office of Global
Progrars Climate Change Data and Detection Prograrn and the
NOAACIRES Yestern Water Assessment Prograrm, & Regional Integrate
Sciences and Assessments program. YWark was also partially funded by t

A 650 year-old Douglas-fir stands just east of  National Science Foundation (ATivHODB0AE3).
Dition Reservolr. [t and 15 other veny oid trees

were sampled to develop the Dillon (DIL) tree-ring
chronology, which has been used to reconstrct
the annual flow of the Blue River.

For more information, contact:
Dr. Connie Woodhouse, Paleoclimatology Branch, NOAA Mational Climatic Data Center, connie.woodhousefnoaa.goy, 303
Jeff Lukas, Institute of Arctic and Alpine Research (INSTAAR), University of Colorado, |ukas@colorado. edu

Dr. Robert 5. Webb, NOAA/OAR Climate D Center, rober. s webt gov, 303-497-6967

&%v‘J@i\i‘

generated, and anather has been updated to 2002, See details below.

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

O Upper Colorado Basin

Fraser River at Winter Park

Fraser River at Colorado River confluence
Willow Creek Reservoir Inflow

Colorado River above Granhby

Williams Fork near Leal

Blue River at Dillan

Blue River abhove Green Mountain Reservoir
Colorado River at Kremmling

Roaring Fork River at Glenwood Springs

O Rio Grande Basin

Alamosa River ahove Terrace Reserair
Saguache Creek near 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 Cheesman Reservair
South Platte River at South Platte

Morth Platte River at South Platte

Clear Creek at Golden

Boulder Creek at Orodell

St Wrain River at Lyons

Big Thormpson River at Canyon Mouth

Cache la Poudre River at Canyon Mouth

[ Arkansas Basin
Arkansas River at Cafion City




LTRR/Salt River Project - Lower Colorado Basin

Synchronous Extreme
Streamflows, Upper Colorado
and Salt-Verde Basins

e Salt + Verde + Tonto

* Gila at head of Safford Valley
e Salt + Tonto

* Verde

A Collaborative Project between The
University of Arizona's
Laboratory of Tree-Ring Research &
The Salt River Project

, see full report

LTRR / SRP PROJECT MAP

LEGEND

WYOMING

Image courtesy of K. Hirschboeck and D. Meko (U. AZ)


http://fpnew.ccit.arizona.edu/kkh/srp.htm
http://fpnew.ccit.arizona.edu/kkh/srp.htm

Woodhouse et al. 2006 Upper Colorado River Basin

NOAA Satellite and Information Service V\-’V Nat‘c’ga'tc'c‘ma:‘
ata Cente
National Environmental Satellite, Data, and Information Service (NESDIS) y 5 pepartment of Commerce

WDC for Paleoclimatology

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 Colorade
River Basin

Water Resources Research

Yol 42, 05415, 11 May 2006

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

| 1 NDAA National Climatic Data Center, Boulder, CO
218 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-September) 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 seties
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 mean 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.
Supplementary Data 1. Chronology data and metadata

Supplermentary 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, ‘ol 42, 05415, 11 May 2008.

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



NOAA — National Climatic Data Center
World Data Center for Paleoclimatology

Mational Envirenmental Satellite, Data, and Information Service (NESDIS) | ¢ {,i.m”mEf}tﬁ Ef,,:t‘ﬁl: A

@ MOAA Satellite and Information Service V\/V National Climatic &~

WDC for Paleoclimatology | Search NoDC_| Available for Western US:

Home « Research - Data - Education » What's New - Features - Perspectives » Site Map - Mirrors
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Climate Reconstructions Other Streamflow

The MOAA Paleaclimatology Program archives g Su m mer P DSl

reconstructions of past climatic conditions derived Please Cite Data Contributors!
frarm paleoclimate proxies, in addition to the

Program's large holdings of primary paleoclimatic proxy data. Included are reconstructions of past temperature, ® Su m mer Te m peratu re

precipitation, vegetation, streamflow, sea surface temperature, and other climatic or climate-dependent
conditions.

Reconstructions: Air Temperature Hydroclimate Circulation SST Other Search by Author

Also:

Stroamlow e Circulation Indices (ENSO,
g:::nqe River, Mongolia SAreamflow, 360 ¥ears, Davi et al. 2008, P DO, AM O)

Australia, New Zealafd

Burdekin River, Austrélia Streamflow, 350 Years, lsdale et al. 1993, [ ) Sea Su rface Tem pS

North America

Colorado River and tributaries flow, Text or Microsoft Excel format, 500 Years, Stockton and Jacoby 1976,
Upper Colorado River and tributaries flow, Text or Microsoft Excel format, 500 Years, Woodhouse et al. 2006,
Sacramento River, California flow reconstruction, 1109 Years, Meko et al. 2007,

Yellowstone River, Montana flow reconstruction, 270 Years, Graumlich et al. 2003.

TreeFlow Project - Tree Ring Reconstructions of Streamflow for Colorado

Clear Creek Colorado Annual Flow Reconstruction, 300 Years, WWoodhouse 2000,

Middle Boulder Creek Colorado Flow Reconstruction, 280 Years, Woodhouse 2001,

White River, Arkansas flow reconstruction, 963 Years, Cleaveland 2000

White River, Arkansas flow reconstruction, 280 Years, Cleaveland and Stahle 1989,

http://www.ncdc.noaa.gov/paleo/recons.html



“Interesting data - How do we actually use it?”

The application of tree-ring data to water
management
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Figure 5. Demands & Supplies: 15% Reduced Flow Hydrology, Current Trends
Scenari d = 31,700 AF/year).
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