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August 1976

Early 1977

Big Thompson River at Mouth of Canyon

July 31, 1976, Peak discharge 31,200 cubic feet per second

Bureau of Reclamation water irrigation siphon



Genesee River, NY, 1972 Agnes floodJune 1972 Agnes Flood - most flood damage in US history until the 1993 Mississippi River Flood

Genesee River at Rochester, NY

Bob Jarrett’s first job, Agnes Flood Studies, Corps of Engineers, NY 1971-1974



1976 Big Thompson Flood 1982 Lawn Lake dam failure flood

Dozens of 100-year

or larger floods



Importance of USGS Flood Science

• Operate national stream-gage network and conduct research

• Understand and help predict the magnitude and frequency of floods

• Help assess the effects of climate variability (change) on flooding

• To save lives, minimize property damages, and reduce flood risks

Development continues



Hydrograph, Big Thompson River at

mouth of canyon stream-flow gage

19-foot flood depth

in 50 minutes

Map showing measured and estimated 

total July 31, 1976, rainfall, Colorado

7.5 inches of rainfall in an hour

12 inches in 4 to 6 hours

145 killed; $35M damages



Skyland Creek near Essex, Montana

high outliers





high outliers



Estimation of flood (& paleoflood) discharge

Arkansas River, CO, ca 1900; USGS photo library

Often no streamflow data where needed



1966 flood

D’Arno River, Italy

1333 flood

Renewed emphasis needed on locating/documenting historical floods

Photo by

J.R. Wallis

IBM research



Man made and environmental warning signs

Hawaii

Environmental signs include paleoflood data

Photo source: unknown



Paleoflood Hydrology
Study of environmental signatures of past floods

to help better understand present and future 

flood hazards, and  the effects of future climate variability

Crooked River, CA

Flood sediments

River meanders Botanical evidence

1976 flood scar

Big Thompson River

at Drake

USGS photo library



Paleoflood data extend short-term streamflow-gaging station records

Gage

data

Paleoflood

data

Pecos R, TX

flood deposits

Tributary

deposits



Bonneville Glacial Lake Outburst Flood ~15,000 years ago (Snake River, ID)

Flood depth more than 400 feet,

Flood discharge 36 million cubic feet per second

Note: preservation of paleostage indicators for 10’s of thousands of years

Flood bar

Flow

Flow

Eroded basalt bench

Photo by Hal Malde, USGS
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Upstream from  Drake

1976 Big Thompson Flood damage

Q

Q

Cadillac



North Fork Big Thompson River near Drake, CO, August 1976

August 1976 - what do these flood sediments have to say?

Bob Jarrett

1976 high-water 

marks & woody 

debris

Flow

Flow

Photo by Jerry McCain, USGS



Types and locations of PaleoStage Indicators (PSIs)

Flow

Robert Webb & Jim O’Connor, USGS

Flow

L. Susitna River

nr Palmer, AK

Escalante River, UT – an ideal paleoflood site of “alcove” slack-water deposits

Bedrock

alcove

9/3/07



Topic 1--What is the relation of flood deposits and flood height?

Salmon River, Oregon  - 1964 flood

1995 to 2002 -- studied over 200 rivers with recent large floods

Q

Photo, USGS Oregon WSC



Gage

May 1995 (~1 hr after peak)

Q

“Flood chasing 101”



Dan Cenderelli, USFS

1997 WS

Q

, CO



Truckee River near Farad, CA

January 1997 Flood

Flow

1997 Sand deposit

(new paleostage indicator)

Q

SWD

01/02/1997 HWM



Lefthand Cr nr Boulder, CO (~1 hour after peak; 5/95)

Q



Conclusion: The study of over 200 flooded rivers demonstrated that the maximum

height of fresh deposits of flood sediments approximately equal maximum 

flood height or high-water marks.  Thus, paleostage indicators (sediment 

deposits) of past floods can be used to estimate the approximate flood height 

of paleofloods and their associated discharge.

Average recurrence interval ~75 years for all sites



Topic 2--Types and locations of tree scars (PSIs)

1996 WS



Merced River, Yosemite

National Park, CA

What is the relation of flood scars and flood height?

Yanosky and Jarrett, 2002

Conclusion: Lower gradient streams produce flood scars (red) at or somewhat

below the maximum water surface; in higher gradient streams, flood scars (blue)

are produced at or higher than the maximum water surface.



house

Waves are 15 – 20 ft high!

How reliable are methods for estimating extreme flood discharge?

Q

Topic 3 --Critical-depth method for reliable discharges

Photo source unknown    Baldwin Hills, CA, dam-failure flood



Rainbow Falls, Wailuku R., Hilo

Piihonua Rd Falls,

Wailuku River,

nr Piihonua

Critical-depth sites

•Flow-over-road

• Weir/flumes

• Drops

• Waterfalls

Surveying
• CD-cross section

• Approach cross section

(~4x ”CD” distance upstream)



Arkansas River near Buena Vista, CO

Long reaches of near critical flow; Froude No. ~ 1 (Jarrett, 1984)



Critical-Depth Method •Validate at 

Qgage sites

* Assume F~1

* Independent

of n-value

* Natural rivers

slopes > ~1%

to 7%

• Jarrett &

England, 2002

* Grant, 1997

15,000 ft^3/s
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Research topic 4 - Estimating the Age of Paleofloods

Jarrett & Tomlinson (2000)



• Can provide flood data for thousands of years

• Complements existing streamflow gage data

• Improves the reliability of flood estimates

• More robust flood-frequency estimates

• Can evaluate effects of climate change on maximum flooding

• Can be used in many water-resources studies

Benefits of Paleoflood Hydrology

Upper Columbia River, Canada -

―An ideal paleoflood site.‖

Bedrock channel with ~10,000 

years of paleoflood deposits



• Lack of data available for 

water-resources investigations

• Flood-plain management

• Design in infrastructure in flood plains

• Risk assessments of dam safety

• Wildland fire hydrology

• Determine rainfall amounts and thresholds 

of flash flooding for National Weather Service

• River “restoration”

• Debris-flow hazard assessment

1976 Big Thompson Flood 

damage

Drake, CO

Types of Paleoflood studies

Q
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Holocene

Pleistocene

~Temp

Holocene climate has been

relatively constant with 

moderate HC variability



Issues 
 Where do you look for evidence 

of change?

 What defines a representative 
study site and regional area?

How reliable are flood data?

 What is the ―detection criteria

 for climate variability?‖

Waythomas and Jarrett, 1994

Largest paleoflood

~5,000 yrs old

Flood

bar

Arthurs Rock Gulch at

Horsetooth Reservoir

Fort Collins, CO

& Examples



East Cascades, Washington

Northwestern Colorado

Northwestern Montana

Arizona
(Enzel et al.)

Regional Paleoflood Studies for Dam Safety Assessments

Eastern Colorado

Central 

Idaho



Northwestern Colorado

Snowmelt runoff and small thunderstorms



Hydrologic Aspects of Dam Safety in the Rocky Mountains

• New PMP/PMF estimates 1980s

• Need to estimate small probabilities

(AEPs from 10-2 to 10-4 )

• Poor understanding of flooding

• Lack of hydrometeorologic data

for extreme floods for dam safety

Elkhead Dam, Northwestern ColoradoElkhead Dam, mid-1990s – is it safe

with revised PMP/PMF?



USGS Streamflow gage

USGS streamflow gage

(50 yrs)



Regional Study Approach

• Analyze regional precipitation data

• Analyze regional streamflow data

• Collect regional paleoflood data (magnitude and age)

• Conduct flood-frequency analysis with paleoflood data

• Provide results to dam-safety officials

Upstream view of Elkhead River Basin from Elkhead Dam



1

10

100

1000

10000

1 10 100 1000 10000

Peak discharge at gage, m
3
/s

P
e
a
k
 d

is
c
h
a
rg

e
 a

t 
s
it

e
, 

m
3
/s

Critical Depth

Slope Conveyance

Linear Fit

log(Qsite) = 0.03 + 0.986 log(Qgage)

Upper and Lower 95%

Prediction Intervals

Validation of flood discharge methods

( 15 percent)

Jarrett & England (2002)

Paleoflood Methods

Flood Discharge Age of Paleofloods

• Absolute dating methods

e.g., 14C, trees on flood bars

• Relative dating methods



Elkhead Creek upstream from Elkhead Reservoir

Determine paleoflood discharges at 93 sites in Northwestern Colorado

XS

Q



Paleoflood data allows flood-frequency estimates for

flood recurrence intervals up to 10,000 years to help

with dam safety evaluations and other water-resources issues

Importance: standard flood-frequency analysis can only 

provide estimates up to the 100-year flood or less

Jarrett and

Tomlinson, 2000



Relation between contemporary and paleofloods and drainage area with 

eight flood-frequency curves superimposed for NW, CO  (Jarrett and 

Tomlinson, 2000).
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Regional Analyses of Storms and Floods

• smaller rain and floods >7,500 ft

• storm footprint in mountains <50 mi2

• rapid transition to large rain floods <7,500 ft



Elkhead Cr u/s Reservoir

xs

Snowmelt and small

convective storms

* Paleofloods (5-10k years) are 

~25% larger than 

contemporary floods



?

Low topographic relief areas of Eastern Colorado

Flood Safety of Cherry Creek Dam in Denver

Jarrett, 2001



Paleoflood Hydrology:

Cherry Creek Dam

Photo Source: Omaha District

U.S. Army Corps of Engineers



Looking upstream

*Paleoflood (~5,000 years) range from

20-40 % larger than contemporary

floods

* Overlapping confidence limits

Large convective storms



• Why are the largest paleofloods in last ~10k years 

so  much smaller than PMFs?

PMFs for 

Colorado



Mission Range, Northwestern Montana



Mazama ash layer (Crater Lake, Oregon)

~6,850 years ago

• Max paleofloods (~7,000 years) ~ 30% larger than contemporary floods

• RF-RO modeling w/ 5,000-yr RF ~ maximum paleoflood              Parrett & Jarrett (2000)



North Cascades, WA



Stehekin River Basin  - Chelan Dam Safety Analysis

x Stehekin



Stehekin R. at Lake Chelan, 

North Cascade National Park

• Paleofloods (~5,000 years) are ~35%

larger than contemporary floods

•Preliminary results

•Addt’l    75 paleoflood sites

Rain-on-snow floods



Arizona and S. Utah

Enzel et al., 1993 



Mixed-population: Large convective,tropical, and frontal storms

Paleofloods ~ contemporary floods

Enzel et al. (1993)

US



Climate Change & Flooding Summary

 Noise ―questionable‖ peak discharges make it difficult to 
detect the signal ―change‖ in floods.

 Defining hydrologically homogeneous regions.

 Regional paleoflood approach is one of several 
approaches that can be used to answer critical water-
resources issues.

 Appears to be a variable flood response to past climate 
change.



Paleoflood Research to Improve Flood 

Science

Introduction

Overview of paleoflood hydrology

Recent paleoflood research topics

Examples

Concluding remarks

Paleoflood hydrology

can provide information

about the number, magnitude, 

and frequency of flooding

in basins with limited or no data

How to define flood risk

with limited gaged data?



Box Elder Cr nr Rapid City, SD

Jim O’Connor, USGS

w/ South Dakota DOT



South Platte River at Deckers; downstream from Wigwam Creek

So. Platte River, CO

Q

In remote mountain areas, NWS watches and warnings & cell phones may not be available



Parents w/ ~5-yr old.    How to best convey flood risk?

North Fork South Platte River d/s Buffalo Creek, CO: late-1996

1996 WS



Thus, people need to be aware of 

nature’s environmental warning signs

• Dark clouds

• Heavy rain

• Lightning

• Wind

• Sounds—trees breaking and loud roars

Photograph by Lester Zins, University Corporation for Atmospheric Research



USGS Fact Sheet 2006-3095 (Jarrett and Costa, 2006)

http://pubs.usgs.gov/fs/2006/3095/pdf/FS06-3095_508.pdf



USGS General Information Product 35, Flood Poster (Jarrett and Vandas, 2006)



Additional Information on Paleoflood Science

Main conclusion

Paleoflood data

complement short

gaged records

and provide data

in ungaged rivers
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For more information on USGS science: http://www.usgs.gov; http://water.usgs.gov/osw/; http://ks.water.usgs.gov/Kansas/floodsummary; http://water.usgs.gov/usgs/osw/FS-List-2003.html;
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