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Roadmap

Push-button Geomorphology
The geek approach. What computer models can and can’t tell you.

Basin-average erosion rates: The cosmo method
Millennial-scale landscape rates of erosion.

Reservoir and pond sedimentation rates
Time- and space-integrated measurements that may be useful.

TO
DA

Y

Watershed Sediment Budget
Tools and techniques for robust constraints on sources and sinks. 

Basic Reconnaissance
With a tight budget, what do you really need to know?

Forget rates. What can we learn from basic form-process relationships?
Channel form/dynamics. (Dis)Continuity.  Hydro-geomorphic Assessments.

YE
ST

ER
DA

Y

A bit of hydrology
Targeted modeling and metrics. Stationarity Assumption?

Case studies in sediment supply, transport, and morphodynamics



Sediment budget: An accounting tool

I – O = ΔS
Over a specified time period



Sediment budget: Sources and sinks with uncertainty

Typically need several different 
tools to constrain each of these

Redundancy in measurements 
is good practice

Smith et al., 2011



Four keys to constraining a budget

(1) specificity regarding location, mechanism, and rates of 
sediment erosion

(2) accurate treatment of changes in sediment storage 

(3) redundant measurements for all sediment fluxes 

(4) appropriate methods for up-scaling local observations

Smith et al., 2011



Common techniques for developing budgets



What are the grain sizes of interest? 
 
 Where do those exist in the watershed?
 
 What geomorphic processes convey them to the channel?

Contributions from near-channel sources or hillslope/watershed sources?
 
 Near channel: 
  river migration, incision, widening processes
 
 Hillslope/watershed: 
  creep, rill erosion, debris flows, landslide processes

Basic questions you want to answer

Where are erosion/deposition hotspots? Natural or human influenced?

Erosion relatively steady or pulsed? 

Where are the disconnects in the sediment routing system?



What are the grain sizes of interest? 
 
 Where do those exist in the watershed?
 
 What geomorphic processes convey them to the channel?

Basic questions you want to answer

Washload

Hillslope soils

Floodplain/Terraces

Trails/Roads
Sheetwash

Rill erosion

Creep

Rill/Gully

USLE x (SDR)

TLS, surveys
TSS x fingerprinting

Bank erosion

Freeze-thaw

Bank deposition

Overbank +/-

Air photos
TLS, SfM

Clay pads, surveys

TSS x fpt

TLS, surveys + Historical records + TSS x fpt



What are the grain sizes of interest? 
 
 Where do those exist in the watershed?
 
 What geomorphic processes convey them to the channel?

Basic questions you want to answer

Bed material

Hillslopes

Trails/Roads
Sheetwash

Rill erosion

Debris Flows

Landslides

Avalanche

Staley DF model

NetMap field and RS mapping

TLS, surveys + Historical records + GRAPE model



Sediment, nutrient problems in
    the upper Mississippi River

MRB is primary source 
of sediment and nutrients 
for the upper Mississippi

Minnesota River Basin: 
     336 impairments for
     sediment, nutrients, aquatic life

MRB



Corn and soybeans



Carrie Jennings

The cause of the problem is obvious, right?



Artificial drainage



Landscape Evolution Context



Uplands: flat land, passive rivers

Knick zone: steep, highly dynamic, incising rivers

Minnesota River Valley: rapidly aggrading channel and floodplain

15

Identify the landscape units...

knickzones



13.4 ka: 60 m baselevel fall 

Rapid Holocene incision in lower 40 km
     Big bluffs and ravines within knickzone

Widespread agriculture began ~ 1830

Extensive artificial drainage began ~ 1950

Le Sueur River Longitudinal Profiles

upper extent of
knickzone

Sediment loads increase ~ 3x in knickzone



On average, 50,000 Mg/yr 
From excavation of the valley

Volume excavated over the past 13,400 years?

For details on incision history, see Gran et al., 2013, GSA Bulletin



Sediment Sources and Sinks

Different measurements needed
for mud vs. gravel



4 years of terrestrial lidar

Gages galore!

70 years of bluff erosion rates

Aerial Lidar analysis

50+Field surveys

Sediment fingerprinting

10Be

210Pb

70 years of river migration & widening

14C & OSL-Dates for incision history

Modeled
Soil erosion rates

Many tools available…



1. Gaging data  2. Geochemical tracers  3. Aerial lidar analysis
4. Terrestrial lidar scans 5. Air photo analysis  6.Numerical modeling
7. Field surveys  8. Optically Stimulated Luminescence and 14C dating

U: Uplands
Fp: Floodplain
Bl: Bluffs
Ba: Banks
C: Channel incision
R: Ravines

Sources

Constraints

Le Sueur Sediment (mud) Budget
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TC

Lake Pepin

20 km

10 km

Large shift in sediment sources



Belmont et al., 2011

10 km

Shift between upland and near-channel sediment
sources in the Upper Mississippi Basin
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Sediment Fingerprinting Results

Pre-settlement: primarily near-channel sources

Mid 20th Century: Conservation reduces upland erosion, 
but hydrology amplifies erosion of near-channel 
sources…sediment loading remains high

Mid 20th Century: Poor land management causes pulse of 
upland soil erosion



Uplands: 
Gravel contributions == negligible



Bluffs: Gravel contributions

Mostly fine-grained, but 
grapes, oranges, and watermelons distributed randomly
Less than 1% of till fabric



Bluffs: Gravel contributions

Bluffs capped with terraces
are gravel-rich and eroding quickly



Bluff Retreat from Historic Air PhotosBluffs: Historic Air Photo Analysis
67 year bluff retreat:
segregate bluffs
with terraces…

1938 2005

70 – 90% gravel load?



2009 Gaging
Stations

Ravines:
Gravel contributions

10 - 30% gravel load



Closing the budget, considering uncertainty

Est. Rate 
(Mg/yr)

Uncertainty
(±Mg/yr)

Closed budget 
rate (Mg/yr)

Soil creep 65 20 57

Debris flows 15 10 11

Landslides 35 10 31

Channel widening 5 2 4

Net floodplain 
deposition

(20) 10 (24)

Total 100 80

Observed load (2005-2015) = 80 Mg/yr

Budget components over-estimate by 20 Mg/yr Reduced all estimates by
39% of their uncertainty

e.g. 65 – (20*0.39) = 57



What are the grain sizes of interest? 
 
 Where do those exist in the watershed?
 
 What geomorphic processes convey them to the channel?

Basic questions you want to answer

How to map the relevant landforms and measure/constrain rates?
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Change detection from 1m 
DEMs over 2000 km2 

Spatially variable uncertainty

New methods to:
Account for veg uncertainty
Eliminate errors in legacy data

Schaffrath et al., 2015, see also Wheaton et al., 2010 and Passalacqua et al., 2015

Geomorphic change detection from lidar



TerEx Tool: maps terraces, measures heights
See Stout and Belmont, 2013, ESPL



Terrestrial lidar scans
Sub-cm precision annual erosion rates



Terrestrial lidar scans



Terrestrial lidar scans

See Day et al., 2013 ESPL; Wheaton et al., 2010 ESPL



35Kelly et al., 2018

2 sites monitored for 3 years

Structure from Motion Photogrammetry



SfM Photogrammetry and GCD

Use ordinary photographs

and SfM software (Agisoft),

to generate point clouds and derive elevation models

Use GCD to quantify erosion and deposition

Using daily photos, we can identify the 
processes that triggered each failure:

from Day et al. 2013

Shallow landslide triggered by heavy rains 
Kelly and Belmont, 2018



> 12,000 Daily Photographs 
20 Sites

7 Repeat Photograph  Surveys
2 Sites

I. Data Acquisition June (2013)2015 – May 2017

1. Counted and Classified 
Failure Events

2. Measured Erosion: 
SfM-MVS Workflow and GCD

3. Estimated Erosion: 
Volume ~ Area Relation

4. Normalized 
Discharge and 

Computed Flow 
Duration Curves

USGS and MNDNR 
Daily Streamflow

Repeat TLS  Surveys
17 Sites – Day et al. 2013

(Westoby et al. 2012; Smith et al. 2016; Wheaton et al. 2010) (Hovious et al. 1997)

Measured Estimated

II. Data Analysis
face

toe

Failures:
 2705 total 
 347 large 

(> 1 m2)
 169 large, 

bluff face 

37

SfM Photogrammetry and GCD
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Depth of 
Change (m)
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DepositionNet Change: 3500 m3 erosion
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TOE TOE

FACE

A: Two events accounted for:

Q: When and why do bluffs erode?

LS9:

LS10:

+

+

=

=

23%

June 2014

26%

74%

September 2016

of total site 
erosion 

over 3 years!

97%

Post-Flood ErosionFlood Erosion

TOE

53% 79%

June 2014

Sept 2016

40



Reservoir mapping with SfM and multibeam sonar

Drone uses 6 wavelength bands to capture 
topography above the water line

Multi beam sonar 
collects topography

below the water

3D map of the 
reservoir



What are the grain sizes of interest? 
 
 Where do those exist in the watershed?
 
 What geomorphic processes convey them to the channel?

Contributions from near-channel sources or hillslope/watershed sources?
 
 Near channel: 
  river migration, incision, widening processes
 
 Hillslope/watershed: 
  creep, rill erosion, debris flows, landslide processes

Basic questions you want to answer

Where are erosion/deposition hotspots? Natural or human influenced?

Erosion relatively steady or pulsed? 

Where are the disconnects in the sediment routing system?



When are they net sources?
 A) When the stream is entrenched
 B) When cut bank is higher than depositing bank
 C) Transient periods of channel widening

Is this stream entrenched?

Why do streams become entrenched?

Channel and Floodplains



When are they net sources?
 A) When the stream is entrenched
 B) When cut bank is higher than depositing bank
 C) Transient periods of channel widening

Conservation of channel geometry

Under what conditions would this happen?

Channel

Active layer

Main floodplain

Substrate

Δη
cΔt

Channel and Floodplains



Measuring difference in bank heights and
meander migration rate



When are they net sources?
 A) When the stream is entrenched
 B) When cut bank is higher than depositing bank
 C) Transient periods of channel widening

Bi > Bo

Li

Lo
Bi1

Bo1

Bi2

Bo2

Lo = Li + ΣBi - ΣBo 

Channel and Floodplains



Le Sueur River

Maple River

When are they net sources?
 A) When the stream is entrenched
 B) When cut bank is higher than depositing bank
 C) Transient periods of channel widening

Channel and Floodplains



How to measure channel
width/widening?

1. Delineate channel polygon (10+ bends).

2. Divide by channel center length.

Why would a channel widen?

Schottler et al., 2013



Historic air photo analyses: sources of error



Historic air photo analyses
Spatially variable error

If you assume spatially uniform error, you probably:
 discard many reliable measurements of small magnitude
 keep some erroneous measurements of large magnitude



A B

Sediment fingerprinting

Two types that may provide
different information

Geographic:
Where in the landscape?

Geomorphic:
Which landforms contributing

Gellis and Walling, 2011
Koiter et al., 2013

Belmont et al., 2014



Root 
River

Coon 
Creek

Trimble, 1999

Fingerprinting case study in Root River, SE MN



Glaciated
‘Driftless’

Many large fill terraces

TerEx Tool: Stout and Belmont (2013, ESPL)

Mostly ag, mostly unglaciated
big increases in flow, big fill terraces



Much variation
in source tracer
concentrations

210Pb:
Majority of samples
are 20-50 % field

Stout et al. (2014)

10Be:
Most samples
exclusively overlap
with ag fields

10Be and 210Pb results from the entire watershed



Most studies found near-channel sources to be dominant.
 Lack of standardization in procedural steps makes results 

difficult to compare.



Roadmap

Push-button Geomorphology
The geek approach. What computer models can and can’t tell you.

Basin-average erosion rates: The cosmo method
Millennial-scale landscape rates of erosion.

Reservoir and pond sedimentation rates
Time- and space-integrated measurements that may be useful.

TO
DA

Y

Watershed Sediment Budget
Tools and techniques for robust constraints on sources and sinks. 

Basic Reconnaissance
With a tight budget, what do you really need to know?

Forget rates. What can we learn from basic form-process relationships?
Channel form/dynamics. (Dis)Continuity.  Hydro-geomorphic Assessments.

YE
ST

ER
DA

Y

A bit of hydrology
Targeted modeling and metrics. Stationarity Assumption?

Case studies in sediment supply, transport, and morphodynamics



• How do alluvial channels adjust to changes in flow and/or 
sediment supply?

• What determines the mode & magnitude of the response to 
perturbations?

• What are the implications for floodplain inundation & evolution?

Rivers change. When, where, and how?



Schottler et al., 2014; Foufoula-Georgiou et al., 2015; Belmont et al., 2016; Kelly et al., 2017 

Minnesota River Basin: 
Flows have gone waayyy up



Striking differences in form and behavior
 along the lower 175 km of the Minnesota River



Transition in slope,

S = 0.0002
S = 0.0001



Transition in slope, grain size,

Kelly, 2019



Suspended load dominatedMixed bedload and suspended load

upstream

Bedload: 19%            0.5%                   0.00%

Transition in slope, grain size, bedload transport

downstream

Kelly, 2019



Transition in slope, grain size, bedload transport
 causes distinct differences in bar morphology…

Kelly, 2019

Bar push

Bank pull



…and big differences in process rates

Kelly, 2019



• How do alluvial channels adjust to changes in flow and/or 
sediment supply?

• What determines the mode & magnitude of the response to 
perturbations?

• What are the implications for floodplain inundation & evolution?

Rivers change. When, where, and how?



Sixth Water ~ Diamond Fork watershed



Downstream changes in slope, 
     valleybottom width



Sixth Water ~ Diamond Fork watershed

Natural

Irrigation

Mandated

Big, deliberate changes in Q, Qs

Jones et al., (2023)



Q

Qs

1952 flood 1980s  floods

Changed 
tunnel outlet

Reduced 
augmented flows

2011 flood

1915 1983-1984 1997 2004 2011 20181952

A reasonably well-constrained
  disturbance    and recovery series

Jones et al., (2023)



1915 1952 1983-1984 1997 2004 2011 2016

Active channel and measured width

In-channel and bank attached bars

Floodplain vegetation

For every photo set, for all 32 km, 
mapped:

Oodles of info from air photos

Jones et al., (2023)



Big source
          Transport
          Accumulation

Sediment regime

Confined
           Partially confined
           Unconfined

Valley setting

=+

Distinct reaches

Jones et al., (2023)



Confined + source
 Confined + transport
 Partially confined + transport
 Partially confined + accumulation
 Unconfined + accumulation

Minimal change

Minimal change

Distinct response of reaches

Jones et al., (2023)



Widen in 
response to 
disturbance 
flows when Qs 
is high

Narrow in the 
absence of Qs 
pulse

Stable width of 
12 m since 
2004

Q
Qs

Q
Qs

Partly confined, transport reach

High Q Low Q

Q

Jones et al., (2023)



Widen in 
response to 
disturbance 
flows

Narrowing to 
~20 m during 
recovery time

Continued 
narrowing since 
2004

Median width 
~12 m

Q
Qs

Q
Qs

High Q Low Q

Unconfined, accumulation reach

Q

Jones et al., (2023)



Valley setting and sediment regime (supply/transport capacity) exert 
strong control over channel response

Across watershed, tendency towards a uniform width of ~12 m, 
appears to be maintained by base flows

Sixth Water ~ Diamond Fork Summary



• How do alluvial channels adjust to changes in flow and/or 
sediment supply?

• What determines the mode & magnitude of the response to 
perturbations?

• What are the implications for floodplain inundation & evolution?

Rivers change. When, where, and how?



Twitchell Canyon Fire
September 20th, 2010
NASA Picture of the day

Case Study: 
Post-wildfire debris flows influence,
  and are influenced by, connectivity



1/3 burned at high severity

Burned 45,000 acres

Started by lightning strike





~ 2 m deposition!



Murphy et al., 2019

What do we need to model this system?



Predicting debris flow susceptibility

D. Bone and K. Schaffrath applied model of Cannon et al. 2010



Predicted debris flow impacts align with 
observations of channel change



Most debris flow sediment is NOT 
delivered to the main channel

Murphy et al., 2019



𝑆𝑆 =  𝑘𝑘𝑠𝑠𝑛𝑛 𝐴𝐴𝜃𝜃sn

Normalized steepness throughout the channel network



sn

Normalized steepness throughout the 
channel network



Minnesota River: Dynamically adjusting to increased flow and 
sediment supply through channel migration and widening

Spatial difference in channel form can be explained by sediment 
supply and transport

Sixth Water – Diamond Fork: Valley setting and sediment supply 
control channel response to flow/sediment disturbance events

Twitchell: Connectivity and valley bottom morphology strongly 
influence channel response

Summary

Photo: Jabari Jones



Roadmap

Push-button Geomorphology
The geek approach. What computer models can and can’t tell you.

Basin-average erosion rates: The cosmo method
Millennial-scale landscape rates of erosion.

Reservoir and pond sedimentation rates
Time- and space-integrated measurements that may be useful.

TO
DA

Y

Watershed Sediment Budget
Tools and techniques for robust constraints on sources and sinks. 

Basic Reconnaissance
With a tight budget, what do you really need to know?

Forget rates. What can we learn from basic form-process relationships?
Channel form/dynamics. (Dis)Continuity.  Hydro-geomorphic Assessments.
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A bit of hydrology
Targeted modeling and metrics. Stationarity Assumption?

Case studies in sediment supply, transport, and morphodynamics



Oodles of watershed hydro-erosion models

See also Aksoy and Kavvas, 2005
For a useful, if uncritical, review

For a relatively comprehensive review: Merritt et al., 2003 Env. Mod. & Soft.

De Vente and Poesen, 2005



Semi-quantitative models Pacific Southwest Inter-Agency Committee (PSIAC)
See review by: De Vente and Poesen, 2005



Factorial Scoring Model (FSM)
Verstraeten et al., 2003

Semi-quantitative models

Must be calibrated to a particular landscape

Common critique: these evaluations may be 
more likely to reinforce pre-conceptions
than provide new, objective insight



Predicts long-term average erosion (of fine sediment) from sheet or rill erosion
 NOTE: does not account for gully, wind, or tillage erosion

Push-button Geomorphology
USLE: Universal Soil Loss Equation

Developed in 1940s – 60s for Corn Belt  using empirical data

Calibrated with 10,000 plot-years of runoff and erosion measurements 
 from 49 locations

Typically applied to agricultural and construction sites



USLE: Universal Soil Loss Equation

A = R x K x LS x C x P
A = long-term soil loss (t/ac)
R = rainfall and runoff factor (geographic location)

curve number, greater intensity, duration  higher R

K = standardized soil erodibility factor (t/ac)
= f (texture, structure, permeability, OM)

LS = slope length factor
steeper, longer slopes more prone to erosion

C = crop/vegetation and management factor
compares field to standard, fallow, untilled field

P = support management practices
attempts to quantify effect of BMPs



RUSLE: Revised USLE

A = R x K x LS x C x P
A = long-term soil loss (t/ac)
R = rainfall and runoff factor (geographic location)

K = standardized soil erodibility factor (t/ac)
new maps, time varying-erodibility

LS = slope length factor
new approach to computing sensitivity to gradient and length

C = crop/vegetation and management factor
new approach for evaluating sensitivity

P = support management practices
new conservation practices incorporated



RUSLE2: Revised USLE (again)

A = R x K x LS x C x P

attempts to account for deposition and sediment delivery ratio implicitly
 using concavity/convexity of landscape

doesn’t allow for dynamic vegetation, but differentiates between
 canopy and ground cover
 distribution of live and dead roots
 soil moisture

new Graphical User Interface (GUI)

several updates to equations and maps



MUSLE: Modified USLE
A = 11.8(Qsurf x qpeak x areahru)0.56 x K x LS x C x P x CFRG

Qsurf = runoff volume (mm/d)
qpeak = peak runoff rate (m3/s)
areahru = area of hydro response unit

An empirical attempt to account for detachment and transport

Coarse fragment factor
=e(-0.053r)

r is % rock in first soil layer



Push-button Geomorphology
SWAT WEPP

Common Limitations:
 No basis to distinguish terrestrial vs channel sources: problem for calibration 
 Flow and sediment routing mechanisms are primitive
 Hydrology run with curve number or Green-Ampt Infiltration Equation

 Lots of knobs to turn, users limited in ability to identify problematic variables 

Useful at small scale to obtain relative sensitivity of terrestrial sediment sources

*



de Vente et al., 2007

The Sediment Delivery Problem
Walling, 1983*



TopoFilter: Where does sediment come from?
Se Jong Cho, Peter Wilcock

Goal: use USLE to predict local soil 
erosion rates and a DEM to account for 
the topographic effect on sediment 
storage, to map the primary sources of 
eroded sediment that reaches the 
watershed outlet

sediment deliverySediment Delivery Ratio SDR = 
total erosion 

Divide into a field ( ) and stream ( ) component

,  and ,

Sediment Del
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1. A simple topographic relation

2. Run 10,000 simulations using values of 
a1, a2, b1, b2 drawn randomly from a 
uniform distribution

3. Narrow the range for each parameter 
a1, a2, b1, b2 by eliminating portions that 
never produce an adequate fit to the 
observed total sediment delivery. This is 
called ‘conditioning’.
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4. Sediment Delivery SD from 
10,000 simulations. The median 
(3,445 Mg) is close to the 
observed (3,252 Mg)

0 0.5 1 1.5 2 2.5

x 10
4

0

50

100

150

200

250
simulated SY of the watershed

SY from field sources at the outlet (tonnes)

Fr
eq

ue
nc

y 
of

 M
C

 re
al

iz
at

io
ns

 

 
SYsum

SYobs Median
SYsim Median

Sediment Delivery SD (Mg/yr)

Fr
eq

ue
nc

y

 
   

  
  

 
  
  
  

area = 335 sq.km

5. Do we believe that any of these 10,000 simulations 
(combinations of a1, a2, b1, b2) are correct?   No way! 

But we note that some locations just about always 
contribute the most sediment

Map shows locations that contribute to 90% of the 
sediment delivery in 95% (red), 75% (red + green) and 50% 
(red + green + blue) of the simulations. 

10% of the area contributes 
90%+ of sediment delivered

TopoFilter: Where does sediment come from?
Se Jong Cho, Peter Wilcock



Push-button Geomorphology
SedMAP: Effects of hydrologic connectivity on delivery of coarse material
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Reid et al., 2007

See also: sednet.org
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Long-term, basin-average erosion rates from 
cosmogenic nuclides

Establish ‘background’ erosion rate for a 
watershed

Quantify sediment supply 
(102 - 105 year time scale)

Quantify human-induced changes in 
erosion (decadal time scale) 

Recent reviews: 
Granger et al., 2013
von Blanckenburg and Willenbring, 2014
Dunai and Lifton, 2014



10Be Production Rate (%)
De

pt
h 

(m
)

0

1

2

0 100
In a steady-state 
erosional environment…

TCN concentration in eroding 
material records the rate at 
which the sediment moved 
through the exposure window

Measuring basin-average erosion rates

By ‘erosion rate’, we really mean
DENUDATION RATE

D = E + W



Using 10Be to estimate basin-average erosion rates
Brown et al. 1995, Granger et al. 1996, Bierman & Steig 1996, von Blanckenburg 2006; Dunai, 2010

Methodology

Let nature do the averaging…
N

P
t

Λ
=)(ε

P – altitude, latitude
Λ – rock/soil density

ε
Λ

≈t

von Blanckenburg 2005



Some profound observations about watershed-
average erosion rates
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Some profound observations about watershed-
average erosion rates



Millennial averages

Decadal averages

Long term and short term rates not always equal
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Many sites where short-term
rates faster than long-term.

Either or both timescales 
might be relevant depending 
on your needs.

Cosmo erosion rate database
https://earth.uow.edu.au/
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Push-button Geomorphology
The geek approach. What computer models can and can’t tell you.

Basin-average erosion rates: The cosmo method
Millennial-scale landscape rates of erosion.

Reservoir and pond sedimentation rates
Time- and space-integrated measurements that may be useful.
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Watershed Sediment Budget
Tools and techniques for robust constraints on sources and sinks. 

Basic Reconnaissance
With a tight budget, what do you really need to know?

Forget rates. What can we learn from basic form-process relationships?
Channel form/dynamics. (Dis)Continuity.  Hydro-geomorphic Assessments.
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A bit of hydrology
Targeted modeling and metrics. Stationarity Assumption?

Case studies in sediment supply, transport, and morphodynamics
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Hydrology matters...



Clark et al. (2015) A unified approach for process‐based hydrologic modeling: 
1. Modeling concept. Water Resources Research 51(4): 2498-2514.

Excellent perspective on the frontier of hydrologic modeling

Hrachowitz, et al. (2013). A decade of Predictions in Ungauged Basins (PUB)—
a review. Hydrological sciences journal, 58(6), 1198-1255.

Farmer, W. H., & Vogel, R. M. (2016). On the deterministic and stochastic use 
of hydrologic models. Water Resources Research.

Hydrologic modeling

Kumarasamy, K., & Belmont, P. (2018). Calibration Parameter Selection and Watershed 
Hydrology Model Evaluation in Time and Frequency Domains. Water, 10(6), 1.



Hydro-erosion models: if you’re going to use them, 
make sure they are calibrated for the relevant flows



Have flows changed?

Lytle and Poff, 2004



A basic lexicon of flow regime characteristics

Lytle and Poff, 2004



Flow Duration Curves?



Minnesota River: daily averaged flows

Organizing ‘chaos’…Flow Duration Curves



Illustrating shifts in FDCs
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Changes (or not) in Flow Duration Curves

1940 - 1975

1976 - 2009
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1. Sort big to small
2. Rank (m) from 1 to n

3. Compute EP = m/(n+1)



FDCs: Choose your axes carefully



http://cran.r-project.org/web/packages/waterData/waterData.pdf
http://cran.r-project.org/web/packages/waterData/vignettes/vignette.pdf
http://cran.r-project.org/web/packages/waterData/index.html

R package for
 

automated download of USGS flow data
basic streamflow metric analysis & plots



Flood frequency analysis?



See flood frequency document distributed with electronic course materials for a detailed 
explanation of probability and statistics that go into flood frequency analysis

T
P 1
=

QTQT KQ logloglog σµ +=

𝑄𝑄𝑇𝑇 = 10𝑙𝑙𝑙𝑙𝑙𝑙𝑄𝑄𝑇𝑇

T = Return Period or Recurrence Interval

P = Probability of Exceedance

QT = Discharge you are computing

σlogQ = Standard deviation of the log transformed annual peak flow series

KT = Frequency factor (from table, = f (skew and return period)

µlogQ = Mean of the log transformed annual peak flow series

Flood frequency analysis



FDC and FF spreadsheet

USGS Peak FQ Program
http://water.usgs.gov/software/PeakFQ/

USDA Flood Frequency Calculation
http://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/water/?&cid=stelprdb1042910

Alternative flood frequency tools



Frequencies of hydrologic phenomena (e.g., precipitation, streamflow) can be represented 
by a time-invariant PDF that can be estimated from historic record.  

These PDFs provide the basis 
for evaluation of risks to 
water supplies, floodplain 
development, infrastructure.

Hornberger, 1998

The stationarity assumption in hydrology

30 35 40 45 50 55 60 65 70 75 80 85 90 95



Hornberger, 1998

In some places, these PDFs are systematically changing

The stationarity assumption in hydrology

Non-stationary conditions
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Standard practice for predicting flood frequency/magnitude assumes stationarity
(Interagency, 1982)

Review of techniques to adjust for non-stationarity provided by Gilroy & McCuen (2012)

Streamstats assumes stationarity

National Flood Insurance Program 
assumes stationary flood flows

Stuck on stationarity?



Finding Hydrologic Data
Precipitation:
PRISM
http://www.prism.oregonstate.edu/

NOAA: Frequency Duration Data
http://hdsc.nws.noaa.gov/hdsc/pfds/

NOAA: NNDC data
http://www7.ncdc.noaa.gov/CDO/dataproduct

NRCS: Snotel
http://www.wcc.nrcs.usda.gov/snow/

NRCS: SCAN
http://www.wcc.nrcs.usda.gov/scan/

Streamflow:
USGS: Water Watch
http://waterwatch.usgs.gov/

USGS: NWIS
http://waterdata.usgs.gov/nwis

Many state agencies, consortiums

Groundwater:
USGS: NWIS
http://waterdata.usgs.gov/nwis/gw

Soil Moisture:
NWS: CPC
http://www.cpc.ncep.noaa.gov/soilmst/w.shtml

http://www.prism.oregonstate.edu/
http://hdsc.nws.noaa.gov/hdsc/pfds/
http://www7.ncdc.noaa.gov/CDO/dataproduct
http://www.wcc.nrcs.usda.gov/snow/
http://www.wcc.nrcs.usda.gov/scan/
http://waterwatch.usgs.gov/
http://waterdata.usgs.gov/nwis
http://waterdata.usgs.gov/nwis/gw
http://www.cpc.ncep.noaa.gov/soilmst/w.shtml
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Small water bodies distributed throughout US

Sm
ith et al., 2002

2-9 million ponds < 104 m2

Relevant because reservoirs/ponds may:
1. serve as sediment traps
2. be useful for estimating space- and time-integrated sediment yields

Humans have simultaneously:
Increased sediment transport by global rivers by 2.3 ± 0.6 B Mg/yr via soil erosion, and
Decreased delivery to global oceans by 1.4 ± 0.3 B Mg/yr via retention within reservoirs
-Syvitski et al., 2007



Global Reservoir and Dam (GRanD) Database

7320 reservoirs

Lehner et al., 2011

http://globaldamwatch.org/grand/



Reservoir Sedimentation Survey Information 
System (RESIS, now RESSED) 

~7000 surveys for 2,194 reservoirs



𝑇𝑇𝑇𝑇 =
𝑆𝑆𝑖𝑖𝑖𝑖 − 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜

𝑆𝑆𝑖𝑖𝑖𝑖
=

𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠
𝑆𝑆𝑖𝑖𝑖𝑖

Sin = sediment mass entering a reservoir

Sout = sediment mass leaving a reservoir

Sset = sediment mass deposited within the reservoir

Controls on TE:
Particle size distribution of Sin relative to water retention time

Retention time depends on: 
1) characteristics of inflow hydrograph and 
2) geometric characteristics, including storage capacity, shape and outlet type

See review by Verstraeten and Poesen, 2000
Spreadsheet model: Minear and Kondolf, 2009

Estimating trapping efficiency of reservoirs



Verstraeten and Poesen 2000

Controls on reservoir trapping efficiency



𝑇𝑇𝑇𝑇 = 100 1 −
1

1 + 0.0021𝐷𝐷 𝐶𝐶
𝑊𝑊

C = reservoir storage capacity in m3

W = watershed area in km2

D = empirical form factor (range 0.046 – 1) 
Brown (1943)

Empirical techniques for estimating TE

M Bevis, 2015



Cumulative effects of many dams?
Full buildout (133 dams)

Full buildout 
minus mainstem dams

Kondolf et al., 2013, using 3W adaptation of
Brune, 1953



Ward et al., 1980: for ephemeral flow-through ponds

Ward et al., 1980: for perennial ponds with baseflow

Quasi-physical techniques for estimating TE

Lewis et al., 2013 adapted Brune (1953) and Churchill (1948) for tropical rivers with high flow CV



Some take-away points:
1. Hydrology is inherently complex. Immense variability in space and time,       
myriad non-linear and interacting processes. Be targeted in your analysis.  
Beware of nonstationarity.

4. Reservoirs may contain useful sedimentation records. Much data available, 
      but may require additional analysis.

3.  Cosmogenic nuclides measure long-term erosion rates and can be used to
 quantify erosion integrated over millennial timescales. 
 Lots of existing data, use it!

2. Be a geek, it’s okay. Appropriate models, thoughtfully applied, can provide useful info.
But be aware of (and transparent about) the simplifications and uncertainties in your model. 
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