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Figure 11. (a) Rms variability for 3 x 3 windows of vertical displacements obtained by differencing lidar DEM for that area of Fig. 8. (b) Rms variability for
3 x 3 windows of vertical displacements obtained by approach introduced in this paper.

A different comparison between the two data sets is made in
Fig. 10 along profiles, the locations of which are shown in Fig. 5. Red
lines show the differences between the two lidar DEMs including
the correction for horizontal advection of topography, and blue lines
the vertical displacements obtained by image matching. For the
reasons discussed in 4.1 and by Glennie et al. (2014), differencing
lidar DEMs creates greater short wavelength noise in areas of high
topographic relief (Fig. 10), despite the fact that we have removed
the height change due to horizontal advection. Also, the study by
Nissen et al. (2014) shows another example where differencing pre-
event and post-event lidars suffer from mis-registration. Our method
registers the images used in cross-correlation directly to the lidar
DEM which ensures that the topographic artefacts in the vertical
displacement field will be minimal. However, the lidar DEM used in
our method must not contain systematic errors between scan-lines.

Cross-correlation of images with sub-pixel resolution is very
sensitive to changes in image textures, which causes areas of decor-
relation. Agricultural, urban and forested land surfaces, or in this
case shifting sand, are the major causes of decorrelation which
could obscure the signal. The window size, which in our case study
is 80 m, is a limiting factor in achieving higher resolution measure-
ments. Fig. 11(a) shows the root mean square error (rms) for 3 x
3 windows for the lidar differences and Fig. 11(b) shows the rms
for each 3 x 3 window for our method. The overall rms for our
approach is higher than lidar difference for the areas with flat relief,
however, more uniform over the whole scene.

5 TECTONICS

The M,,7.2 Cucapah-El Mayor earthquake occurred on 2010 April
4 in Baja California, Mexico. This tectonically active area links the
southern San Andreas Fault zone with spreading of the East Pacific
Rise in the Gulf of California (Elders et al. 1972). Relative mo-
tion between the Pacific and North American plates in the southern
San Andreas fault zone is distributed over several major faults (San

Jacinto, Elsinore and San Andreas), the motion being dextral strike-
slip with a total relative motion of 3540 mm/year (Johnson et al.
1994; Bennett ef al. 2004). The epicentral area is also character-
ized by distributed faulting, containing several parallel northeast—
southwest dextral strike slip faults with a normal component ac-
commodating extension (Savage et al. 1994). It is covered by thick
sediments obscuring many of the faults (Pacheco et al. 2006). The
Cucapah-El Mayor earthquake did not rupture the main plate bound-
ary fault in the area, the Cerro Prieto fault (Fig. 3), but a number of
faults to the west of it. The motion on the faults was oblique right
lateral (Fielding et al. 2010; Fletcher et al. 2010; Sandwell et al.
2010).

The Sierra Cucapah is bounded to the southwest by the Laguna
Salada fault (Fig. 12), the southern extension of the Elsinore fault
(Fig. 3; Miieller & Rockwell 1995). It last ruptured in 1892 with an
earthquake estimated to have a moment magnitude of M,,7.2, one
of the largest in recorded history in southern California (Hough &
Elliot 2004). Although the Laguna Salada fault is located in close
proximity to the faults that ruptured, only minor slip, near the USA-
Mexico border, was observed. Instead, in the area where we have
mapped the vertical displacements, the main rupture seems to have
been taken up on the Borrego and Pescadores faults (Axen et al.
1999; Fletcher & Spelz 2009). These faults have been mapped as
active by Jennings & Saucedo (1994). Wei et al. (2011) found that
the faults involved in the northwest of the earthquake sequence
dipped towards the northeast.

‘We have overlaid the traces of the active faults mapped by Fletcher
& Spelz (2009) in the Sierra Cucapah range over the horizontal dis-
placement map (Fig. 12a) and new traces mapped by Fletcher ez al.
(2014) over the vertical displacement maps for the area of the post-
seismic lidar DEM (Fig. 12b). The horizontal displacements show
clearly that, as the rupture propagated to the northwest from the
epicentre (Wei et al. 2011; Uchide et al. 2013), it jumped from
the Pescadores fault to the Borrego fault through the Puerta Ac-
commodation Zone (Figs 12a and b). Likewise, the discontinuity
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Figure 13. Topography along the profiles indicated in Fig. 12. They have been aligned along the trace of rupture determined from the horizontal displacement
map showing the location of the rupture as it goes through the mountains. The straight lines are the best-fitting lines of the topographic profiles on each side of

the rupture trace. We used Cosi-corr’s Stacking Profile tool.

in the vertical displacement follows the Pescadores fault closely in
the southeast (Fig. 12), with a throw down to the northeast, and it
can be followed as it crosses the Sierra Cucapah to join the Borrego
fault around 32°27'N and 115°36'W.

Although the signal is noisy, topographic profiles (Fig. 13) show
a small vertical offset of the order of 2030 cm in many places at, or
close to, the location of the rupture determined from the horizontal
displacements as it crosses between the mapped faults. Thus we are
able to detect relatively small vertical displacements in an area of
rough topography, enabling the rupture to be characterized fully as
it crosses the mountains. The sense of motion in the southeast of this
area is down to the northeast. In the northwest of the area, where the
topographic relief is low, the faulting is distributed across several

branches and the vertical displacements on some of these branches
switches to down to the southwest. However, the overall subsidence
across the area is down to the northeast, in the agreement with
the sense of throw on the mapped faults across the Sierra Cucapah
(Fletcher & Spelz 2009).

6 CONCLUSION

We have presented a geometrical principle showing how it is possi-
ble to determine post-event vertical displacements from one stereo-
pair of images acquired before an earthquake and a precise DEM
generated after the event. We have then demonstrated this principle
in the case of the 2010, M,, 7.2 El Mayor-Cucapah earthquake. The
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vertical displacements derived are in agreement with the vertical
displacements obtained by differencing the pre-event and the post-
event DEMs. The same principle could be applied in the reverse
order, for example if a very accurate and precise pre-event DEM
exists it can be coupled with a post-event stereo-pair in order to
obtain the vertical displacements. We have also demonstrated that
with only four satellite archived images we were able to estimate
both horizontal and vertical displacements, and derive a DEM of the
area. This technique provides aims of directly studying a vertical
displacements, using satellite technology, caused by an earthquake
or any other tectonic event in regions where a precise and accurate
DEM may be available only post-event. Although we have used
SPOTS5 stereo imagery in this study, other higher-resolution images
could equally well be used, for example Worldview or Pleiades.
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APPENDIX A

Fig. A1 shows processing steps of the method that we discussed in
the text.
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APPENDIX B

The EW component of the apparent horizontal displacements ob-
tained by image cross-correlation with sub-pixel resolution of pair
B is shown in Fig. B1. Above the top line of the black polygon
there is a large area of decorrelation due to the mis-registration
of the images outside the post-event lidar coverage. This is ap-
parent in other high relief areas such as areas in the South-West

Conversion to vertical displacements

corner and South-East corners of the image. The areas of decor-
relation due to the vegetation change cover similar areas to those
seen in the matching of pair A (Fig. 4), even though there is only
three days between the images in pair B. We used a very small
window step during (4 pixels x 2.5 m) the results of correla-
tion for the regions of high decorrelation resulted in erroneous
signal.
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APPENDIX C

We derive here the expression relating the change in height 4 to the
apparent horizontal displacement d in the presence of a topographic
slope 1. The notation follows that given in Fig. 2.

We note that 7 = AH and d = FG. Applying the sine rule to
triangle ABH

AH AB
- — = = (C1H
sin(A + (90 —7;))  sin(90 — 1)
and hence
—  ABcos(h—i
4 = ABcosG — i) (C2)
cos A

We also have the following expression for FG:

FG=EB=ED+ DB
= ﬁtaniz + DB
ﬁtanktaniz + DB
DB

= C3
(1 —tanAtani,) €3

To connect eqs (C2) and (C3) we apply the sine rule to triangle
ABD:

DB 4B
sin(i, +i2)  sin(90 — i)
J— DB cos i)

Sini, +12) “
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and hence combining eqs (C2), (C3) and (C4), we find that

T — DB cosi;cos(A — i)

cos A sin(iy + ip)

FG(1 — tan A tani,) cos i, cos(A — i1)
cos A sin(i + i)

_ FGcos(k —iy)cos(A +ir)
B cos? A sin(i; + i)

(©5)

The lack of perfect symmetry with respect to an exchange of i; and
i, results from the fact that, as defined in Fig. 2, angle i, is measured
clockwise from the vertical whereas angles i; and A are measured
anticlockwise. When A = 0, the expression in eq. (C5) reduces to
that in eq. (1) as expected.
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