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Overview

» Objective: Monitoring natural phenomena involving
Earth’s surface dynamics, e.g., earthquakes,
volcanoes, glacier flow, landslides, sand dunes
migration, etc...

Monitoring Earth
Surface Dynamics
with Optical
Imagery

S. Leprince

Introduction




Overview

» Motivation: To validate/calibrate/refine physical
models. To improve early evaluation of damage for
large disasters
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Overview

» Approach: Measuring horizontal ground
deformations from optical satellite images: SPOT
1-2-3-4 (10m), SPOT 5 (5m and 2.5m), ASTER (15m),
Quickbird (0.7 m), Aerial photographs (0.25-1m)
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Measuring deformation: a toy example

Unit length
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Measuring deformati
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Pushbroom satellite: image lines depend on platform variations
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State of the Art, 2003: Hector Mine earthquake
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Lessons learned

> Viewing geometry of each pixel has to be physically modeled to
account for topography and attitude variations
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Lessons learned

» Topography and images should be well registered
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Lessons learned

» Sub-pixel measurement accuracy required ~ 1/20 pixel size
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Lessons learned

» Images co-registration accuracy should be even smaller ~ 1/50
pixel size
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; Raw images g Introduction
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: Digital Elevation Model ?
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a Orthorectification: q
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e
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i Correlation: .
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e > Sub-pixel - g

Correlation
Displacement
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) The Signal to
provide the Noise Ratio
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components of measure
the ground ualit
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» O, optical center in space

cop zcaing > M, ground point seen by

column ¢

\1 CCD array plXel p Orthoretification
» ii; pixel pointing model

Psat=0

<

satellite velocity

» R(p) 3D rotation matrix,
roll, pitch, yaw at p

» T(p) Terrestrial
coordinates conversion

look direction
of pixel (¢, r)

» ¢ correction on the look
directions to insure
coregistration

» A>0

absolute
pointing error
from ancillary
data
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Trajectory image plane

Orthoretification

Topography

Reference d d
ellipsoid

» Image pixels are assumed to regularly sample the image plane,
but they sample the ground irregularly




Orthorectification: Inverse Model Principle

Projection plane
P(M)

Reference
ellipsoid

Earth

center Topography

M given.

S. Leprince et al., IEEE TGRS, 2007

@(x,y) = [|OM — OM (%, )|

with

—
OM'(x,y) = OP(y) + A* - ii(x, )

and A* such that M’ belongs to
P(M)
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Trajectory image plane

Topography

Reference d d
ellipsoid

S. Leprince et al., IEEE TGRS, 2007



. o . . Monitoring Earth
Orthorectification and Resampling Surf;}tﬁs gy?_a,?i‘cs
W1 P 1ca
Imagery

S. Leprince

Trajectory

~—

o
o

i image plane

) Topography

Reference
ellipsoid
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Orthorectification and Resampling é“f‘hgyﬂ;“‘
wit] tica!
m Imag[e’ry
L / :

- :v S. Leprince
Trajectory N image plane
Ra—

~—

; Topography

Reference
ellipsoid

To avoid aliasing in the resampled signal, ideal resampling kernel:

i TIX
ha(x) = T2 d withd = max(1, {d;})
a

S. Leprince et al., IEEE TGRS, 2007



Resampling

SPOT 10 m resolution, Rotation
due to satellite orbit

inclination. No aliasing,
separability of the resampling
kernel limits the sampling
efficiency.
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Resampling

Aerial ortho-image spectrum  Aerial ortho-image spectrum

flat topography rough topogr_aphy
SPOT 10 m resolution, Rotation 1m resolution 1m resolution
due to satellite orbit Resampling distances
inclination. No aliasing, increase/decrease with the

separability of the resampling ~ topography gradient and the
kernel limits the sampling  satellite incidence angle. Adaptive

efficiency. resampling distances would

improve sampling efficiency.




Image Correlation: local rigid translations
» Fourier Shift Theorem

io(x,y) = i1(x — Ay — By)
L (ws, wy) = I (wx, wy)e T @bstwby)

S. Leprince et al., IEEE TGRS, 2007
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(x,y) =i1(x — Ay, y — Ay)

L (ws, wy) = I (wx, wy)e T @bstwby)

» Normalized Cross-spectrum Correlation

I (wx, wy) I3 (wy, wy) '
- _ — Jweditwyhy)
Ciiiy (wx, w}/) I (wx,wy)lé (wx, Wy)| ‘

S. Leprince et al., IEEE TGRS, 2007



Image Correlation: local rigid translations
» Fourier Shift Theorem

(x,y) =i1(x — Ay, y — Ay)
wyAy+wyhy)

I(wy, wy) = Il(wx,wy)e_f(
» Normalized Cross-spectrum

I (wy, wy)l (wy, wy)
|1 (wr, wy) I (wy, wy) |

_ ej(wax—O—wyA},)

Cﬁ i ((‘Jx’ wy)

» Finding the relative displacement

$(Ay, Ay) = Z 2 W (ws, wy)|Ciyiy (e, wy ) — el @rbstenly) |2

Wy=—TT Wy=—T11

W weighting matrix. (Ay, Ay) such that ¢ minimum.

S. Leprince et al., IEEE TGRS, 2007

Monitoring Earth
Surface Dynamics
with Optical
Imagery

S. Leprince

Correlation




. h . Monitoring Earth
Processing Chain Surtace Dynamics
with Optical
Imagery

S. Leprince

Select Image ——  Process with manual input

Registration Points
from raw image

—— Automatic process

Processing Chain

S. Leprince et al., IEEE TGRS, 2007




Processing Chain

Select Image
Registration Points
from raw image

S. Leprince et al., IEEE TGRS, 2007
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Processing Chain

Select Image
Registration Points
from raw image

S. Leprince et al., IEEE TGRS, 2007
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Processing Chain

Select Image
Registration Points
from raw image

Correlate patches,

with reference imag

S. Leprince et al., IEEE TGRS, 2007

find relative displacement
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Processing Chain

Select Image
Registration Points
from raw image

—— Process with manual input
—— Automatic process

Deduce viewing
correction &
for co-registration

Correlate patches,
find relative displacement
with reference image

S. Leprince et al., IEEE TGRS, 2007
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Select Image

Registration Points
from raw image

—— Process with manual input
—— Automatic process

Orthorectify patches.
centered at RP N\

* p— Deduce \_/iewing
correction &

Shaded DEM - .
Resample for co-registration
age patches
Correlate patches,
find relative displacement

Processing Chain

with reference image

S. Leprince et al., IEEE TGRS, 2007
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Select Image

Registration Points
from raw image

—— Process with manual input

Orthorectify / resample
full raw image 1

—— Automatic process

Orthorectify patches.
centered at RP N\ (

* p— Deduce \_/iewing
correction &

Shaded DEM - .
Resample for co-registration
age patches
Correlate patches,
find relative displacement

Processing Chain

with reference image

S. Leprince et al., IEEE TGRS, 2007
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Select Image

Registration Points
from raw image

Orthorectify patches.
centered at RP N\ (

Deduce viewing

—— Process with manual input

Orthorectify / resample
full raw image 1

—— Automatic process

Processing Chain

* 2nd re .
1st orth age correction &
for co-registration

age patches

Correlate patches,
find relative displacement

with reference image

S. Leprince et al., IEEE TGRS, 2007




Processing Chain

Select Image
Registration Points
from raw image

—— Process with manual input
—— Automatic process

full raw image 1
Orthorectify patches.
Orthorectify / resample
full raw image 2

Deduce viewing

* 2nd re .
1st orth age correction &
for co-registration

age patches

Correlate patches,
find relative displacement

with reference image

S. Leprince et al., IEEE TGRS, 2007
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Select Image

Registration Points
from raw image

—— Process with manual input

full raw image 1
Orthorectify patches.
Orthorectify / resample
fu” raw image 2 Processing Chain

Deduce viewing *

* 2nd re .
1st orth age correction &
for co-registration
age patches Correlation on sliding
\» windows

—— Automatic process

Correlate patches,

find relative displacement
with reference image

S. Leprince et al., IEEE TGRS, 2007
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Select Image

Registration Points
from raw image

—— Process with manual input

full raw image 1
Orthorectify patches.
Orthorectify / resample
fu” raw image 2 Processing Chain

Deduce viewing *

* 2nd re .
1st orth age correction &
for co-registration
age patches Correlation on sliding
\» windows

Correlate patches, *

—— Automatic process

find relative displacement
with reference image

Horizontal deformation
map

S. Leprince et al., IEEE TGRS, 2007
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The 1999 Mw 7.1 Hector Mine Earthquake
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The Hector Mine horizontal coseismic field (NS and EW) from 10m
SPOT4 1998 and 10m SPOT2 2000 images.
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The 1999 Mw 7.1 Hector Mine Earthquake

SPOT CCD distortions

T

discontinuity

T

T

T T T

Monitoring Earth
Surface Dynamics
with Optical
Imagery

S. Leprince

0.1F inter-array 3 Across-track (X) distortion in pixél

-0.1

L L i L L | L L

i
CCD number: 1500 3000 4500 6000

T T T T T T T T

The 1999 Hector Mine
Earthquake

» Accurately calibrated (1/150 pixel) for SPOT 2/4 and accounted
for in the orthorectification model

S. Leprince et al., IEEE TGRS, (in press) 2008




The 1999 Mw 7.1 Hector Mine Earthquake

SPOT CCD distortions

S. Leprince et al., IEEE TGRS, (in press) 2008
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The 1999 Hector Mine
Earthquake
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116°30W 116°20W 16°10W 16°0W 116°30W 116°20W 116°10W 16°0W

The Hector Mine horizontal coseismic field (NS and EW) once CCD
distortions from SPOT4 and SPOT2 have been modeled during

orthorectification




The 1999 Mw 7.1 Hector Mine Earthquake
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» Horizontal slip vectors measured from linear least square
adjustment on each side of the fault. Perpendicular profiles are
stacked over a width of 880 m and a length of 8 km.

Field measurements from J.A. Treiman et al., BSSA, 2002
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Noing, km
0
Nortring, km

The 1999 Hector Mine
Earthquake

Eastog ke m 3
. ) Easing,kn

Figure 2. Interferometric coherence, C, for IPI,

with C > 0.8 set to be transparent. Brown lines in- Figure 3. Same as Fig. 2 but color indicates

dicate known faults (Jennings, 1994). Surface rupture wrapped phase for IPI. Each color cycle represents

as observed in the field is indicated by the blue line 2.8 cm of motion in the line-of-sight (LOS) direction.

(Treiman ef al., 2002). UTM zone 11 projection with The black arrow represents the horizontal projection

origin at (116.457W 34.250N). of the LOS vector toward the satellite.

M. Simons et al., BSSA, 2002
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Fault

rupture S. Leprince
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0N
Northward Offset (m)

420N
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347108

Earthquake

Northward offset (m) ___

73108 73208 73°30E 7340E 7350E

Northward component of the correlation from 15m ASTER images
acquired on 11/14/2000 and 10/27/2005. Before, and after removing
pitch artifacts (destripping). Deformation mostly perpendicular to the

fault that could not be measured on the field

Leprince et al., IGARSS 2007 / Avouac et al., EPSL, 2006
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E. Pathier et al., GRL, 2006




The 2005 Mw 7.6 Kashmir Earthquake

400 T T
seismic only
seismic + ASTER Fault geon;eit:j fITom ASTER
3501 _ _ . seismic + SAR offsets used in all cases
—— seismic + SAR offsets + ASTER
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Lattitude

Collaboration A.O. Konca and D. Helmberger, Caltech
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Aerial images: complementarity with satellite

wgpon wapon awggon wgon
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» Aerial photographs (1m)
USGS-NAPP
7/25/89 -06/01/02

Collaboration F. Ayoub, GPS, Caltech
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deformation wavelength
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» Introducing SPOT offset:
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USGS-NAPP
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» Aerial photographs (1m)

Collaboration F. Ayoub, GPS, Caltech
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The Mer de Glace Glacier, France

SPOT 5 images
2.5 m resolution
2003-08-23
2003-09-18
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The Mer de Glace Glacier,
France




The Mer de Glace Glacier,

6°58'0'E

6°54'0'E 6°56'0"E

45°56'0"N

45°54'0"N

GPS
measurements

Raw correlation
measurements

12.5m
longitudinal
average

0 2 4 6 8 10

(c)

0
12 14 16 18 20

Displacement in meters over 26 days

A — A
B — B

-800 -600 -400 -200 0O

26 days horizontal
15 20 25 30 35 40 45 50 55 displacement (m)

S. Leprince, et al., EOS, 2008

0
200 400 600 800

Transversal distance (meters)
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The Mer de Glace Glacier,
France




The La Valette Landslide, France

(b)

6°38'15"E  6°38'30"E

Il
Z |s| Absolute horizontal offset ~ ¥ -ﬁ,‘»;
s | eters) & y Y &%
g1 Lo L A
g ?

stA A

2

1 -

%0 6z o4 5 5 i iz 74 s h i ¥
- Distance along profile (Km) #
o <
2 #

3 -
N

x| - &
~ -

0 3 6 L
> Horizontal displacement “
S (meters) e |
& -
£ @
sl o
: g

J . IR

e L - sl

{_ - Absolute horizontal offset (m)
z | A
b | e
;il“ <
$ LS
3 000

o~
0. i
- % o 6
Meters b 3 . Distance along profile (m)
T T T T T
6°38'45"E 6°39'0"E 6°38'15"E 6°38'30"E 6°38'45"E 6°39'0"E

SPOTS5 2.5m resolution images, 09/19/2003 - 08/22 /2004

S. Leprince, et al., EOS, 2008
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> Resampling kernel

» Separability implies oversampling depending on
orbit inclination

» Local resampling distances to avoid excess
oversampling in flat terrain areas
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Conclusion: Technique limitations

> Resampling kernel
» Separability implies oversampling depending on
orbit inclination

» Local resampling distances to avoid excess
oversampling in flat terrain areas

» CCD distortions

» Image plane not as regularly sampled as initially
thought
» Inverse model resampling challenged?
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Conclusion: Technique limitations

> Resampling kernel
» Separability implies oversampling depending on
orbit inclination

» Local resampling distances to avoid excess
oversampling in flat terrain areas

» CCD distortions

» Image plane not as regularly sampled as initially
thought
» Inverse model resampling challenged?

» Aliasing from Optics

» Optical cut-off frequency = 4-5 times CCD Nyquist
frequency

» Reduces the correlation accuracy by a factor > 10

» Can bias the correlation under some conditions
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» The technique has broad applications and is valuable to measure
many different surface processes, e.g, glacier flow, landslides,
sand dunes migration, volcanoes

» Complementary to InSAR that provides accurate measurement
in the far field. Note that INSAR loses correlation when water
content changes (pb with glaciers and landslides).
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Conclusion

» The technique has broad applications and is valuable to measure
many different surface processes, e.g, glacier flow, landslides,
sand dunes migration, volcanoes

» Complementary to InSAR that provides accurate measurement
in the far field. Note that INSAR loses correlation when water
content changes (pb with glaciers and landslides).

» Released an ENVI toolbox to make these algorithms available to
the scientific community. COSI-Corr (Co-registration of
Optically Sensed Images and Correlation) available for
download since January 2007. COSI-Corr can process aerial
photos, all SPOT (1,2,3,4,5) satellites, ASTER instrument,
Quickbird satellite images, including all spectral bands.
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http:/ /www.tectonics.caltech.edu/slip_history/spot_coseis/




SPOT images

3
0 2
2
@
g1
c
30
2
8 1
3
E
§ 2
5
3
4
[ 2 4 6 8 10 12
A Location in km A

Profile AA’ from NS correlation
image. Maximum displacement of
6m in the NS direction. High
frequency noise accounts for about
80-85 cm.

> Typical offset uncertainty on
a single profile o ~ 30 cm
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800, —— NS histogram
—— EW histogram

Number of samples
N
]
8

-3 -2 -1 0 1 2 3
Offset in meters

> UNS = -7.4 cm ONS = 82 cm
> upw =18.3 cm oy = 92cm

» Average mis-registration
20cm =~ %0 of the pixel size
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Y Resampling Distances X Resampling Distances

Number of Samples
o

0
23 232 234 236 238 24 242 244 246 248 25
Resampling Distances

» Resampling of a SPOT 5 > No aliasing. ~ 12.5m
image, 5m nominal ground effective resolution due to
resolution, on a 10m grid. satellite orbit inclination.
Jittered sampling verified. Oversampling due to

separable kernel Aresadlesy
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» Separability of the resampling kernel limits the sampling S. Leprince

efficiency: a more efficient kernel would be rotated along the
satellite track

> Resampling distances increase/decrease with the topography
gradient and the satellite incidence angle. Considering the worst
case over the whole image may lead to increased low pass
filtering on parts of the image where the topography is flat.
Effect more pronounced as the image resolution increases.
Adaptive resampling distances.

Appendices

Aerial ortho-image spectrum  Aerial ortho-image spectrum
flat topography rough topography
1m resolution 1m resolution
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so(t) bandlimited at Nyquist
frequency %' to be resampled at

[;(t) hr,(0)
v [ LJ I Ld L a new sampling period T;
To

Ideal resampling kernel:

[S(w)l

Nyquist @™ 1
frequencies T0 T 0 T Ty

To avoid aliasing in the
resampled signal:

> d=max(Ty, T1)

Appendices

) T1 ) TO
Nyquist T, <T d=T
i i 1 0 0 : 3 1
requencies d effective signal “resolution”
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» 2D separable sinc kernel

sin 2% sin 7
My, (% Y) =~
dydy XY ox Ty

dx dy

> {dy} = {dy,} = {1} raw image regularly sampled every pixel
> d, = max(1, {dy, }) and dy = max(1, {dy, })

> {dy,} and {dy, } determined from local absolute differences in
ground pixel projections

» Images slightly low-pass filtered, but not a limitation under the
assumption of jittered sampling
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“ro( x, y)yfor y=10

X in pixels

» Worst case for initialization
accuracy £1 pixel. Can be
achieved with the peak
correlation method.

» Minimization with a gradient
descent algorithm

Monitoring Earth
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Frequency Masking

» To remove resampling cut off
frequencies

» To give less confidence where
the signal as low energy

» To lower sensitivity to
aliasing from optics
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Quality of the correlation on 3000 x 3000 pixels images. A shifted Imagery

image is made from sinc resampling. 32 x 32 pixels correlation S. Leprince
windows scan the test images with a step of 16 pixels. 32400
correlation measures are gathered on each test.

6000
t ——— No Masking, Robustness =0

5000 ——— Masking and Robustness = 0
A L ——— Masking and Robustness = 4
a —— Masking, Robustness = 4, Resampling
£ 4000 ¢
©
< L
fouk
O 3000 -
g | ---- Expected offset y=-0.5 pixel
€ 2000 |
=
4 L

1000 |

05 -0.48 -0.46 0.44 042 04 -0.38 rooends
i . Appendices
Displacement measured in pixel
> » u=—048 0 = 0.003
» u=—-0470 =0.010 > u=—0.498 ¢ = 0.002
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——  Optics cut-off = 4.88 * Fy
—— No aliasing

6000

» Optical cut-off frequency ~
4-5 times the CCD Nyquist 5000
frequency on SPOT 1-4

8
a
> i £ 4000 |
Can be forma.hzed asa g Expected offset
super-resolution pb for the ° =-0.5 pixel
. Qo
correlation E 3000 |
z

» Aliasing could be avoided by
defocusing of proper 2000 |
adjustment of the bias
voltage in back illuminated
CCD (would required

deconvolution to recover J/,ﬂj Pl
0 il N

sharp image) 065 06 -055 -0.5 -045 -04 -0.35

1000

> Unoalias = - 0.498 0404115 = 0.002
> Uatias = - 0.496 0455 = 0.07
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7.0m £0.21m

Normal displacement (m)

EW dis-

=z -5 -0 5 0 5

g - D,.is.tance fmT the la‘:\t (km i -

. AT ST . . placement
§ field, from
10m SPOT 4
5 images,

z

3, -12/19/2004

Q ¥

- 6

01/13/2006

Normal displacement (m)
. N

4.86m £0.11m Collaboration I.
Barisin and B.
Parsons,
z R -
£ | University of
I Oxford, UK Appendic
& Appendices
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displacement (m) ] 2| displacement (m)
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displacement (m)
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30°50E 31°0E 31710 31°20€ 31°30E 30'50E atoE 31 10€ 31°208 a1'30e

EW component of displacement field, from 10m SPOT images :
acquired on 21/06/1999, 03/10/1999, and 12/07/2000

Collaboration A.O. Konca and D. Helmberger, Caltech
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The Great Sand Dunes, Colorado Bt Dy acntes

Colorado Great Sand Dunes
15m ASTER images
2000-06-01
2003-09-23
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—100m Introduction
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Sand Dunes Migration, Morocco

Laayoun, Maroc
ASTER images acquired in 2001 and 2006

Collaboration, Mohamed Chlieh, IRD, France
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