
PRINCIPLES OF TOPOGRAPHIC 
CHANGE DETECTION 



BY END OF HOUR 

You should understand: 
1.  GCD techniques and how 

they are applied to 
monitoring rivers 

2.  How to account for 
unreliability uncertainties 
in DEMs 

3.  How to interpret DoDs 
 

DoD ≠ 

≈ 

DoD = DEM of Difference = 

GCD = Geomorphic Change Detection 
TCD = Topographic Change Detection 



PRINCIPLES OF TOPOGRAPHIC CHANGE DETECTION 

•  At its heart TCD is a signal to noise problem 
–  Best applied when signal is big and obvious and noise is negligible 
–  Often applied when signal is small and obscured and noise is 

substantial 

•  Noise is estimated with error modelling & error propagation 
•  Apples to Apples Easiest 

–  Orthogonality, Concurrency & Dimensional Divisibility 
–  Allows this to be a simple subtraction problem with orthogonal rasters 
–  Different survey methods okay if accounted for in error modelling 

•  Thresholding of changes allows separation of signals 
–  Either discard or flag as ‘do not trust’ information below threshold  

•  Always start simple & conservative, and see if signal you are 
interested in is detectable. Invest in more complex methods 
if you believe signal is there, but is obscured… 



WHAT IS GEOMORPHIC  
CHANGE DETECTION? 

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

•  Inferences made 
with repeat 
topography… i.e. 



PRINCIPLES OF TOPOGRAPHIC CHANGE DETECTION 

•  At its heart TCD is a signal to noise problem 
•  Noise is estimated with error modelling & error 

propagation 
•  Apples to Apples Easiest 

–  Orthogonality, Concurrency & Dimensional Divisibility 
–  Allows this to be a simple subtraction problem with orthogonal rasters 
–  Different survey methods okay if accounted for in error modelling 

•  Thresholding of changes allows separation of signals 
–  Either discard or flag as ‘do not trust’ information below threshold  

•  Always start simple & conservative, and see if signal you are 
interested in is detectable. Invest in more complex methods 
if you believe signal is there, but is obscured… 



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

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

 



ERROR PROPAGATION 

•  Distinguish those changes 
that are real from noise 

•  Use standard Error 
Propagation 
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δ z( ) = δ z( )DEMold( )
2

+ δ z( )DEMnew( )
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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δ z( )= 10( )2 + 20( )2 = 22.36
22.36 cm ≈ 8.8 in 

e.g. 

€ 

δ z( )DEM old
= ±10cm

€ 

δ z( )DEM new
= ±20cm



EXAMPLES OF 
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. (2014) Geomorphology 
DOI: 10.1016/j.geomorph.2013.10.010 



PRINCIPLES OF TOPOGRAPHIC CHANGE DETECTION 

•  At its heart TCD is a signal to noise problem 
•  Noise is estimated with error modelling & error propagation 
•  Apples to Apples Easiest 

–  Orthogonality, Concurrency & Dimensional Divisibility 
–  Allows this to be a simple subtraction problem with orthogonal rasters 
–  Different survey methods okay if accounted for in error modelling 

•  Thresholding of changes allows separation of signals 
–  Either discard or flag as ‘do not trust’ information below threshold  

•  Always start simple & conservative, and see if signal you are 
interested in is detectable. Invest in more complex methods 
if you believe signal is there, but is obscured… 



‘SO… YOUR WHOLE CAREER IS A SIMPLE 
SUBTRACTION PROBLEM?’ 

•  DoD=DEMnew - DEMold 



ORTHOGONALITY  

•  Orthogonal rasters 
must: 
–  Share exact same grid 

resolution 
–  Share the exact same 

grid centers (i.e. aligned 
in both easting and 
northing) 



CONCURRENCY 

•  Grids are orthogonal 
and: 
–  Share exact same 

extents 
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DIMENSIONAL DIVISIBILITY 

•  Are width & height 
evenly divisible by cell 
resolution? 

•  If not: 
–  Does cell resolution or 

number of rows and 
columns take the hit? 
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INTERNAL DIVISIBILITY CONSISTENCY 

•  The corner coordinates must be evenly divisible 
by the cell resolution. 

•  More restrictive 
then dimensional 
divisibility, but 
gives rise to nice 
rounded extents 

•  Who cares? 



PRINCIPLES OF TOPOGRAPHIC CHANGE DETECTION 

•  At its heart TCD is a signal to noise problem 
•  Noise is estimated with error modelling & error propagation 
•  Apples to Apples Easiest 
•  Thresholding of changes allows separation of signals 

–  Either discard or flag as ‘do not trust’ information below threshold  

•  Always start simple & conservative, and see if signal you are 
interested in is detectable. Invest in more complex methods 
if you believe signal is there, but is obscured… 



WHAT WE’RE DOING TO SIMPLE 
SUBTRACTION PROBLEM 

•  Just specifying a 
minimum level of 
detection (minLoD) 

•  Throwing away DoD < 
minLoD 

•  Calculating some 
summary statistics 

•  Multiplying cell by cell 
DoD by cell area to 
get volumes 

•  Looking at histograms 
of change (ECD) 



THRESHOLDING… APPLIED SPATIALLY 

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

•  Just on a cell-by-cell 
basis! 



PRINCIPLES OF TOPOGRAPHIC CHANGE DETECTION 

•  At its heart TCD is a signal to noise problem 
•  Noise is estimated with error modelling & error propagation 
•  Apples to Apples Easiest 
•  Thresholding of changes allows separation of signals 
•  Always start simple & conservative, and see if signal 

you are interested in is detectable. Invest in more 
complex methods if you believe signal is there, but is 
obscured… 



GCD THRESHOLDING 

1.  Simple defined 
minLoD 

2.  Propagated Errors 
3.  Probabilistic 

Confidence Interval 



ALL WE DID IN PREVIOUS EXERCISE… 



APPLICATION OF A MINLoD 

•  You take original 
DoD, and remove all 
changes <= minLoD 

•  For example +/- 20 
cm 



VARYING minLoD THRESHOLDS 

()()( )()( )22zzz
newold DEMDEMδδδ +=

© Wheaton 2008 

()()()( )
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EXERCISE:   VARYING MINLOD 

1.  Start new ArcMap Document 
2.  Create new GCD Project called 

‘Feshie_Threshold’ in I 
3.  Load 2 DEMs provided as surveys 
4.  Do Change Detections with following minLoDs: 

–  0 cm, 5 cm, 10 cm, 20 cm, 50 cm 

5.  Compare the outputs (maps, summaries, 
elevation change distributions)… 

C:\0_GCD\Excercises\G_Thresholding 



GCD THRESHOLDING 

1.  Simple defined minLoD 
2.  Propagated Errors 
3.  Probabilistic 

Confidence Interval 



MINLoD USING ERROR PROPAGATION 

•  Distinguish those changes 
that are real from noise 

•  Use standard Error 
Propagation 

•  DEM Errors can vary 
temporally and spatially 
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See  
• Brasington et al (2000): ESPL 
• Lane et al (2003): ESPL 
• Brasington et al (2003): Geomorphology 

€ 

δ z( )= 10( )2 + 20( )2 = 22.36
22.36 cm ≈ 8.8 in 

e.g. 

€ 

δ z( )DEM old
= ±10cm

€ 

δ z( )DEM new
= ±20cm



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 



OUR REVISED WORKFLOW: PROPAGATED 

•  Just come up with 
separate estimates of 
error for DEMnew & 
DEMold & propagate 
using square root of 
the sum of the square 
of the errors in 
quadrature… 



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 



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 



EXERCISE:   PROPAGATED ERROR 

1.  In Same ArcMap Document 
2.  Go to each DEM Survey, and derive spatially 

uniform error surface for rtkGPS 
3.  Do Change Detections with Propagated Error 
4.  Compare the outputs (maps, summaries, 

elevation change distributions)… 

C:\0_GCD\Excercises\G_Thresholding 



GCD THRESHOLDING 

1.  Simple defined minLoD 
2.  Propagated Errors 
3.  Probabilistic 

Confidence 
Interval 



HOW COULD I REPRESENT AS PROBABILITY? 

•  Using inferential 
statistics, we’ll 
calculate a t-score 

•  σDoD is the 
characteristic 
uncertainty 
–  In this case σDoD = 

minLoD 

•  Just the ratio of actual 
change to minLoD 
change  

•  Assuming two-tailed 
test, t is significant at:  
–  68% confidence limit 

when t= 1 
–  95% confidence limit 

when t=1.96 

€ 

t =
zDEM new

− zDEM old

σDoD



PROBABILITY THAT CHANGE IS REAL 

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

© Wheaton (2008) 



SENSITVITY OF THRESHOLD? 



OUR WORKFLOW 
REVISED AGAIN… 
PROBABILISTIC 



EXERCISE:   VARYING PROB. 

1.  In Same ArcMap Document 
2.  Do Change Detections with Propagated Error 

for following probabilities: 
1.  99%, 95%, 90%, 80%, 66% and 50% 

3.  Compare the outputs (maps, summaries, 
elevation change distributions)… 

C:\0_GCD\Excercises\G_Thresholding 



WHERE DOES THIS FIT IN GCD? 

•  Choosing the 
Threshold Method 
is a choice: 



PRINCIPLES OF TOPOGRAPHIC CHANGE DETECTION 

•  At its heart TCD is a signal to noise problem 
•  Noise is estimated with error modelling & error propagation 
•  Apples to Apples Easiest 
•  Thresholding of changes allows separation of signals 
•  Always start simple & conservative, and see if signal you are 

interested in is detectable. Invest in more complex 
methods if you believe signal is there, but is 
obscured… 



FUZZY ERROR MODELLING … 

How important is DEM uncertainty in impacting our 
ability to detect geomorphic change? 

From Wheaton et al. (2010) ESPL 
DOI: 10.1002/esp.1886 



A SIMPLE TWO RULE FUZZY INFERENCE SYSTEM… 

•  Given a point cloud 
•  Relationship between 

topographic 
complexity (slope) 
and sampling (point 
density) 

From Wheaton et al. (2010) ESPL 
DOI: 10.1002/esp.1886 



SPATIALLY VARIABLE ERROR MODELLING 

•  Readily tractable now! 
•  FIS, needs to be minimally survey method specific 

and output should be locally calibrated  

From Wheaton et al. (2010) ESPL 
DOI: 10.1002/esp.1886 



STATISTICAL METHODS 

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)     
  



DETRENDED STD. DEV RELATES TO 
ROUGHNESS 

•  Simple empirical relationship 
to convert detrended 𝜎 to 
grain size & roughness… 



IF ROUGHNESS IS LIMITING… 
•  Roughness itself 

can be used an 
error model for 
some point 
clouds 

© Leary & Wheaton (2012) 

•  Use roughness as proxy for error… 



4 ‘CLASSICS’ IN YOUNG FIELD OF RASTER 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. 



TWO TIME DEPENDENT ESTIMATES OF 
ERROR… PROPAGATED INTO EACH OTHER 

•  Why are 
error models 
different? 

•  Propagated 
error used to 
compare 
against DoD 
and calculate 
T-Score… 

From: Leary et al. (2012) 



EXAMPLE OF HOW TO GET THERE… 

From: Leary et al. (2012) 



DECIMATION of BIG POINT CLOUDS… 

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)  

•  Can be used to go from 
1000’s to 10,000’s of points 
per square meter to 1 to 10…  

•  Absolute zMin can be 
extracted in a window of 
defined size… That can be 
used to model elevation 

  



POINT CLOUD STATS 

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 absolute 𝜎 
–  sk - Skew  
–  n    - Count of number of points 

in cell (i.e. point density)     
  



HOW IT WORKS… 

•  Locally detrended stats, relative 
to a best-fit plane surface 
through the point cloud 

•  Zmean_det, stdev-det, 
sk-det, k_det 

See: Rychkov I, Brasington J and Vericat D. 
(2012)  DOI: 10.1016/j.cageo.2012.02.011. 

 

http://code.google.com/p/
point-cloud-tools/  



A SANDBAR EXAMPLE… 

•  Roughness 
changes 
through time 

© Leary & Wheaton (2012) 

•  Use detrended standard deviation as 
proxy for roughness and/or error… 



ADD ROUGHNESS AS ERROR SURFACE 

•  New DEM Error 
•  Old DEM Error 



ALTERNATIVES... PySESA 

•  PySESA – Python 
program for spatially 
explicit spectral 
analysis 

From Dan Buscombe 
(USGS GCMRC) 

PySESA Website: https://dbuscombe-usgs.github.io/pysesa/index.html  
PYSEA Source code: https://github.com/dbuscombe-usgs/pysesa  


