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PURPOSE OF TALK 

• Share with you my 
perspectives & 
impressions of 
geomorphic change 
detection… 

TLS from Dinosaur 
National Monument 

Convince you its time to 
move past pretty pictures… 

Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.



OUTLINE 

I. Introduction 

II. Getting Topographic Data 

III. Building Decent Elevation Models – Quantifying 
Error 

IV. Toward Standards for Geomorphic Change 
Detection 

V. So what? What can we learn from GCD about 
the systems we’re studying? 

VI. Current Challenges 
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WHAT IS GEOMORPHIC  
CHANGE DETECTION? 

• Inferences about 
‘net’ geomorphic 
changes resulting 
from erosion & 
deposition that 
are detectable 
despite noise… 

• Inferences made 
with that repeat 
topography 
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EXPLOSION OF NEW METHODS… 

• LiDaR 
• Aerial Photogrammetry 

• Total Station Surveys 
• GPS 
• Terrestrial Laser Scanning 

 

Ground-Based Surveys 

Remotely Sensed or Aerial Surveys 

• Multibeam Sonar 
• Singlebeam Sonar 

Boat-Based Bathymetry Surveys 

Many ways of acquiring high-
resolution topography 
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TYPICAL EXTENT & RESOLUTION 

BAR-SCALE 

GRAIN-SCALE 

WATERSHED 
REACH-SCALE 
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LiDaR TOUTED FOR MONITORING POTENTIAL 

But has it been demonstrated? 

LiDaR Imagery of Mount St. Helens from USGS: 
http://vulcan.wr.usgs.gov/Volcanoes/MSH/Eruption04/LIDAR/  

• On the order 20-30 Repeat 
Airborne Datasets (< 10 

published) 

• Many more ground-based 
(20-25 published) 
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THE OVER PROMISE OF GREEN LiDaR 

See McKeen et al (2010): Remote Sensing 

2004 2004 2007 2007 
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GROUND-BASED LiDaR (TLS) 
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SURELY, TLS OUGHT TO BE BETTER… 

• Much higher resolution 

• With good ground control 
network and surveying 
practice, high absolute 
accuracy 

 

 

“We’ve moved from an era of 
fundamentally not having 
enough data to having more 
than when know what to do 
with… “   - James Brasington 
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STRUCTURE FROM MOTION – POOR MAN’S TLS 

See Fonstad, Dietich et al. (2013): ESPL ESEX 

DOI: 10.1002/esp.3366 

 

See also: Westaboy et al. (2012): 
Geomorphology,  

DOI: 10.1016/j.geomorph.2012.08.021 
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HYBRID DATA SOURCES… 

See Legleiter  (2012): ESPL  

DOI: 10.1002/esp.2262 

 

• This example blends 
traditional ALS with 
optical bathymetry 
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SUMMARY: GETTING TOPOGRAPHIC DATA 

TRENDS: 

• Explosion of available 
methods 

• Overselling of specific 
methods without adequate 
recognition of limitations 

RECENT DEVELOPMENTS: 

• SFM – Structure from 
motion 

• Commercial Green LiDaR 

• Hybrid Approaches 
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A SIMPLE TWO RULE FUZZY INFERENCE SYSTEM… 

• Given a point cloud 

• Relationship between 
topographic 
complexity (slope) 
and sampling (point 
density) 

See Wheaton et al (2010): ESPL 

DOI: 10.1002/esp.1886 
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AN FIS USING BREAKLINES… 

• 3 Inputs 

– Slope 

– Point Density 

– Distance to breakline 

From: Bangen et al. (In Review: Geomorphology) 

& Bangen (2013) Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.



DIFFERENT FIS 
ERROR MODELS… 

• Greater extent on 
TLS & ALS 

• ALS & TLS 
worthless in 
water 

• ALS best on 
floodplain 

Total 
Station 

rtkGPS 

TLS ALS 

From: Bangen et al. (In Review: 
Geomorphology) & Bangen (2013) 
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DECIMATION… 

See: Brasington, J., Vericat, D., Rychkov, I., 2012. Modeling river bed morphology, 
roughness, and surface sedimentology using high resolution terrestrial laser 
scanning. Water Resources Research 48. DOI: 10.1029/2012wr012223. 

 

• Topographic Point Cloud 
Analysis Toolkit (ToPCAT; 
formerly PC-Tools)  

• Look at statistical estimates 
of variance for elevation 

– Absolute Zmin & Zmax 

– Zmean  

– range 

– stdev - The aboslutle 𝜎 

– sk - Skew  

– n    - Count of number of points 
in cell (i.e. point density)     
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DETRENDED STD. DEV RELATES TO 
ROUGHNESS 

• Simple empirical relationship 
to convert detrended 𝜎 to 

roughness… 
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A SANDBAR EXAMPLE… 

• Roughness 
changes 
through time 

© Leary & Wheaton (2012) 

• Use roughness as proxy for error… 
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AN FIS FOR TLS DATA 

From: Leary et al. (2012) 
Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.

http://etal.usu.edu/IPC/HellsCanyon_TLS_ChangeDetection_Report_ETAL.pdf


STAY TUNED… 

• NSF Collaborative Grant with 
Nancy Glenn @ ISU 

• ‘Next Generation of Point 
Cloud Tools’  

• Mix of wizard-driven 
command line tools & web 
tools 

• OpenTopography 
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SUMMARY: BUILDING DEMs & ERROR MODELS 

TRENDS: 

• Recognition of importance of 
accounting for uncertainties 

• Relatively simple minimum 
uniform error models 

RECENT DEVELOPMENTS: 

• Fuzzy Inference Systems for 
modeling spatially variable 
error 

• Statistical models of error for 
dense point clouds 
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CHANGE DETECTION WITH DEM DIFFERENCING 

Simple method of quantifying spatial 
variations in change in storage 
terms of a sediment budget. 

© Wheaton (2008) Mclean & Church (1988) – Water Resources Research 

dt

dV
QQ b

bobi )1( 

CONSERVATION OF MASS 
VOLUMETRIC 

Porosity of bed 
material 

Volumetric rate of bed 
material transport 

Erosion Deposition 
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IN A PERFECT WORLD… 

• The signal (the change we’re 
trying to detect) is much 
greater than our noise…. 

 

 

• In many instances, the noise 
is of similar magnitude to our 
noise… 

 

• Better in places where 
vertical changes are large! 

 z




t

z

 z




t

z • LiDaR : +/- 10 to 25 cm (14 
to 36 cm minLoD) 

• Terrestrial Laser Scanning:  
+/- 0.5 to 4 cm (0.7 to 6 cm 

minLoD) 
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MINLoD USING ERROR PROPAGATION 

• Distinguish those changes 
that are real from noise 

• Use standard Error 
Propagation 

• DEM Errors can vary 
temporally and spatially 

  



 z   z 
DEM old

 
2

  z 
DEM new

 
2

Elevation (Time 1) 

Elevation (Time 2) 

See  
•Brasington et al (2000): ESPL 

•Lane et al (2003): ESPL 

•Brasington et al (2003): Geomorphology 
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ERROR PROPAGATION GETS APPLIED 
SAME WAY AS MINLoD  

• Does not matter 
whether the minLoD is 
specified, or 
calculated from error 
propagation 

• Just on a cell-by-cell 
basis! 

• In background a 
perror grid is 
produced 
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4 ‘CLASSICS’ IN YOUNG FIELD OF GCD 

• Lane SN, Chandler JH and Richards KS. 1994. 
Developments in Monitoring and Modeling 
Small-Scale River Bed Topography. Earth 
Surface Processes and Landforms. 19(4): 349-
368. DOI: 10.1002/esp.3290190406. 

• McLean DG and Church M. 1999. Sediment 
transport along lower Fraser River - 2. 
Estimates based on the long-term gravel 
budget. Water Resources Research. 35(8): 
2549-2559.  

• Lane SN, Westaway RM and Hicks DM. 2003. 
Estimation of erosion and deposition volumes 
in a large, gravel-bed, braided river using 
synoptic remote sensing. Earth Surface 
Processes and Landforms. 28(3): 249-271. 
DOI: 10.1002/esp.483. 

• Brasington J, Langham J and Rumsby B. 2003. 
Methodological sensitivity of morphometric 
estimates of coarse fluvial sediment transport. 
Geomorphology. 53(3-4): 299-316. DOI: 
10.1016/S0169-555X(02)00320-3. 
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WHAT ARE TYPICAL ERRORS? 

• LiDaR : +/- 12 to 25 cm 
• Aerial Photogrammetry : +/- 10 to 15 cm 

• Total Station Surveys : +/- 2 to 
10 cm 

• GPS: : +/- 3 to 12 cm 
• Terrestrial Laser Scanning: +/- 

0.5 to 4 cm 
 

Ground-Based Surveys 

Remotely Sensed or Aerial Surveys 
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SO WHAT WOULD PROPAGATED ERRORS BE? 

• LiDaR : +/- 12 to 25 cm (17 to 36 cm 

minLoD) 
• Aerial Photogrammetry : +/- 10 to 15 

cm(14 to 22 cm minLoD) 

• Total Station Surveys : +/- 2 to 
10 cm (3 to 14 cm minLoD) 

• GPS: : +/- 3 to 12 cm (4 to 17 
cm minLoD) 

• Terrestrial Laser Scanning: +/- 
0.5 to 4 cm (0.7 to 6 cm minLoD) 
 

Ground-Based Surveys 

Remotely Sensed or Aerial Surveys 
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PROBABILITY THAT CHANGE IS REAL 

Even when minLoD is spatially constant, 
probability varies in space… why? 

© Wheaton (2008) 
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A STANDARDIZED GCD WORKFLOW 

• Raster-based DEM of 
Difference (DoD) 

• Geomorphic Change 
Detection… 
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GCD 5.1.0 

• An ArcGIS 
AddIn (Toolbar) 
User Interface 

• Flexible 
Analyses 

• Project-Based 

• Free & Open 
Source 
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THIS ANALYSIS USED TO BE CUMBERSOME 

• Now, GCD 5 makes it easy to: 

– Robustly estimate errors in DEMs 

– Determine significance of uncertainty 
on DoD & Sediment Budget 

– Calculate change in storage 
sediment budgets (with +/- vol.) 

– Quantitatively interpret and spatially 
segregate budget 

http://gcd.joewheaton.org  

Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.
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ALTERNATIVES TO RASTER-BASED? 

• With ALS, TLS, MBS, SFM point clouds 
becoming very common 

RASTER DEMs 

Raw Point Cloud 
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CloudCompare 

• Free cloud 
visualization & 
analysis software 

– 3D (not 2.5D) 
Triangular 
Meshing 

– Very efficient 

– Nice Visualization 

Available at: http://danielgm.net/cc  
Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.
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M3C2C 

• High Precision 3D point 
cloud comparison 

– Nice command line 
utility 

– No documentation just 
yet… 

Paper is not out yet… but: 
Lague, D., Brodu, N., Leroux, J., In Review. 
Accurate 3D comparison of complex topography 
with terrestrial laser scanner : application to the 
Rangitikei canyon (NZ). ISPRS journal of 
Photogrammmetry and Remote Sensing. 

 

Web site: http://www.geosciences.univ-

rennes1.fr/spip.php?rubrique95&lang=fr  
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KEEP AN EYE ON DIMITRI LAGUE… 

Web site: http://www.geosciences.univ-rennes1.fr/spip.php?rubrique95&lang=fr  
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SUMMARY: STANDARDS IN GCD 

TRENDS: 

• Emergence of GCD as a standard 
for raster-based change detection 

• Large point clouds not truly used… 

– Clouds decimated instead 

RECENT DEVELOPMENTS: 

• More error models… 

• New methods for dealing with large 
point-clouds 

– Cloud to cloud differencing 
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SOME VIGNETTES OF GCD APPLICATION 

• Restoration Design Hypothesis Testing 

– Spawning Habitat Rehabilitation 

– Beaver restoring floodplain connectivity & fish habitat 

• Understanding Fluvial Processes 

– Closing sediment budgets 

– Understanding relative roles of braiding mechanisms 

• Large Scale Monitoring Programs 

– CHaMP – Columbia Habitat Monitoring Program 
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BUDGET 
SEGREGATION 

• Spatial masks to pull 
off distributions & 
summary stats (i.e. 
zonal stats) 

• All vignettes use 
different examples of 
budget segregation to 
tease more out of 
DoDs 
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SHR? 

• Spawning habitat 
rehabilitation  

• Placement of 
optimally sized 
spawning gravels 
downstream of 
dams to recreate 
suitable spawning 
habitat 
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MOKELUMNE RIVER STUDY SITE 

• Spring Snow-melt dominated 
flow regime 
• 28 large dams 
•Over decade of SHR efforts 
• Fall run chinook c. 12,000 
annually (avg. 915 spawners) 

From Wheaton et al. (2010) RRA 
DOI: 10.1002/rra.1305 Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.

http://dx.doi.org/10.1002/rra.1305


DIFFERENT z LEADS TO DIFFERENT HSI 

 

2005 

2006 
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EXPLAIN DHSC  IN TERMS OF cz/ct 

– Low-magnitude elevation changes 
(smoothing & sculpting) not altering 
habitat quality. 

– Shallow deposition exhibited in areas 
of divergent flow across riffle crest 
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EXPLAIN DHSC  IN TERMS OF cz/ct 

Habitat improvement 
primarily associated with 
shallow deposition on 
riffle crest 
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EXPLAIN DHSC  IN TERMS OF cz/ct 

Habitat degradation primarily 
associated with scour in areas 
of convergent flow at pool-
exit slopes 
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SOME VIGNETTES OF GCD APPLICATION 

• Restoration Design Hypothesis Testing 

– Spawning Habitat Rehabilitation 

– Beaver restoring floodplain connectivity & fish 
habitat 

• Understanding Fluvial Processes 

– Closing sediment budgets 

– Understanding relative roles of braiding mechanisms 

• Large Scale Monitoring Programs 

– CHaMP – Columbia Habitat Monitoring Program 
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I KNOW YOU GUYS ARE DUCKS…. 

• Sorry I don’t have a Duck GCD example 

• I realize a beaver example is not going to be as 
popular on this campus… 
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BRIDGE CREEK…. 
Little incision problem… 
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BEAVER DAMS JUST DID NOT LAST IN BRIDGE 
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SO HELP ‘EM OUT… BUY THEM POSTS TIME 
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FOUR STRUCTURE TYPES 
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USING BEAVER TO RESTORE INCISED STREAMS 

From Pollock et al. (In Prep) – For 
submission to Bioscience Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.



STARTER DAM OCCUPIED… 

Installed September 2009, Occupied by November 2009 
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2nd YEAR  
(2011-2010): 
 OVERALL DoD 

Erosion: 342 m3 +/- 83 

Deposition: 846 m3 +/- 228 

NET: + 504 m3 (+/- 243) 

Deposition: 
• Ponds filling up even 

more… 
• More gravel bars 

forming 
Erosion: 
• Headcut with dam 

blowout 
• Avulsion/cutoff… 
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2nd YEAR  
(2011-2010): 
BY COMPLEX 
• Top dam and bottom 

dam complexes major 
sinks 

• 2nd Complex 
experienced major 
avulsion… Old-channel 
sink; new  
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SUMMARY NET CHANGE IN STORAGE 

• 4 Controls Net 
Degradational  

• 4 Treatments Net 
Aggradational 

• Ironically, best 
way to increase 
aggradation is to 
allow local erosion 
(widening) 
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SOME VIGNETTES OF GCD APPLICATION 

• Restoration Design Hypothesis Testing 

– Spawning Habitat Rehabilitation 

– Beaver restoring floodplain connectivity & fish habitat 

• Understanding Fluvial Processes 

– Closing sediment budgets 

– Understanding relative roles of braiding mechanisms 

• Large Scale Monitoring Programs 

– CHaMP – Columbia Habitat Monitoring Program 
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NOT MANY EXAMPLES 

• One of few examples 
of closing a sediment 
budget 

• Why so few? 

 
Erwin, SO, Schmidt, JC, Wheaton, JM and Wilcock, 
PR. 2012. Closing a sediment budget for a 
reconfigured reach of the Provo River, Utah, United 
States. Water Resources Research. 48: WR10512. 
DOI: 10.1029/2011WR011035. 

Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.
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2009 SEDIMENT BUDGET FOR PROVO RIVER 

I = O + DS 

sediment 
accumulation 

I 

O 

DS 
• Sediment budget developed for a 4 

km reach, for a discrete flood event 
• Directly measured all terms in 

budget 

From Erwin et al. (2012) WRR 
DOI: 10.1029/2011WR011035  Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.
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QUANTIFYING SEDIMENT FLUX 

From Erwin et al. (2012) WRR 
DOI: 10.1029/2011WR011035  

• Used measured rates 
of flux to calibrate 
transport relations and 
model flux for 
duration of flood 

INFLUX  EFFLUX 
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PROVO 2009 SEDIMENT BUDGET 

• Both flux measurements and change 
in storage measurements predict net 
sediment accumulation 

• However, we still have an order of 
magnitude range in uncertainty in 
our estimates of sediment deposition 

From Erwin et al. (2012) WRR 
DOI: 10.1029/2011WR011035  Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.
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SOME VIGNETTES OF GCD APPLICATION 

• Restoration Design Hypothesis Testing 

– Spawning Habitat Rehabilitation 

– Beaver restoring floodplain connectivity & fish habitat 

• Understanding Fluvial Processes 

– Closing sediment budgets 

– Understanding relative roles of braiding 
mechanisms 

• Large Scale Monitoring Programs 

– CHaMP – Columbia Habitat Monitoring Program 
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BRAIDING 
MECHANISMS 

• Four ‘presumed’ key 
mechanisms from flume 
studies 

• No empirical field tests of 
their importance 

• Under appreciation of 
importance of bank erosion 
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AVULSIONS… 

• A diffluence 
disappears 

• What ‘braiding 
mechanisms’ 
lead up to it? 

• Do avulsions 
‘maintain’ 
braiding? 

 
Both from Wheaton et al. 
(2013: In Press): JGR 
Earth Surface 

Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.



SOME VIGNETTES OF GCD APPLICATION 

• Restoration Design Hypothesis Testing 

– Spawning Habitat Rehabilitation 

– Beaver restoring floodplain connectivity & fish habitat 

• Understanding Fluvial Processes 

– Closing sediment budgets 
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• Large Scale Monitoring Programs 

– CHaMP – Columbia Habitat Monitoring Program 
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COLUMBIA HABITAT MONITORING PROGRAM 

• http://champmonitoring.org 

• TS topographic & habitat surveys… 
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A TYPICAL CHaMP TOPO SURVEY 
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CHaMP HABITAT UNITS 

• Currently mapped by 
crews in field  

• Auxiliary habitat data 
collected: 

– E.g. substrate, LWD, 
cover, temperature, 
flow 

• Habitat units also 
topographically 
derived 
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2011-2012 ANNUAL SITES w/ GCD 

• GCD Results Now 
Automated  

• Still QA/QC… Roughly 
12 of 120 need further 
attention 

• Too soon to inter-
compare basins, but 
stay tuned… 

• Currently 400 sites 
(120 annual); 
Eventually 1200 sites 
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CHaMP GCD 

• At every 100-300 
m long reach 

• GCD fully 
automated 
including budget 
segregation by 
habitat units 

Wheaton (2013) is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.



SUMMARY: APPLICATIONS OF GCD  

TRENDS: 

• Large number of studies 
comparing before & after 
single event 

• Very few studies with longer 
topographic time series 

RECENT DEVELOPMENTS: 

• Geomorphic interpretations 

• Ecogeomorphic applications 

• Large-scale monitoring 
campaigns adopting  

 

e.g. Vignettes 
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OUTLINE 

I. Introduction 

II. Getting Topographic Data 

III. Building Decent Elevation Models – Quantifying 
Error 

IV. Toward Standards for Geomorphic Change 
Detection 

V. So what? What can we learn from GCD about 
the systems we’re studying? 

VI.Current Challenges 
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OVER-FOCUS ON ‘DO IT BECAUSE WE CAN’ 

• Why? 

• Because we can see in 
data, what we see on 
the ground.  

• Is method driving our 
science or are we? 

• We are not advancing 
these technologies… 
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WHAT ARE THE TRENDS? 

• Explosion of topographic survey 
methods 

• Cheer-leading for certain 
technologies 

• Appreciation of role of 
uncertainty… yet continued use 
of unsophisticated methods for 
coping with it 

• Wow… look at my point cloud 

• Hey, I’ve got two surveys, that 
should be publishable… 
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WHAT ARE THE RECENT DEVELOPMENTS? 

• Consolidation of topographic survey methods 

• Emergence of ‘hybrid’ data collection techniques 

• Better error models 

• Emergence of more standardized methods for 
raster-based change detection 

• Point-cloud processing (ironically -> decimation 
focused) 

• Cloud-to-Cloud change detection 

• Large scale applications 

• Novel monitoring applications  
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SUMMARY 

• Data acquisition mature… but  
hybrid approaches going to emerge 
as only practical option in many 
settings 

• Error modeling improving, but 
application somewhat inconsistent 

• Change detection methods & tools 
ready for community use 

• Lets push pass the methods, lets 
actually use this stuff for interesting 
applications 
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QUESTIONS? 

For more information, visit: 
http://etal.joewheaton.org  
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