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We use two recent Japanese earthquakes to demonstrate the rich potential, as well as some of the 
challenges, of differencing repeat airborne Light Detection and Ranging (lidar) topographic data to 
measure coseismic fault zone deformation. We focus on densely-vegetated sections of the 14 June 2008 
Iwate–Miyagi (Mw 6.9) and 11 April 2011 Fukushima–Hamadori (Mw 7.1) earthquake ruptures, each 
covered by 2 m-resolution pre-event and 1 m-resolution post-event bare Earth digital terrain models 
(DTMs) obtained from commercial lidar providers. Three-dimensional displacements and rotations were 
extracted from these datasets using an adaptation of the Iterative Closest Point (ICP) algorithm. These 
displacements remain coherent close to surface fault breaks, as well as within dense forest, despite 
intervals of ∼2 years (Iwate–Miyagi) and ∼4 years (Fukushima–Hamadori) encompassed by the lidar 
scenes. Differential lidar analysis is thus complementary to Interferometric Synthetic Aperture Radar 
(InSAR) and sub-pixel correlation techniques which often break down under conditions of long time 
intervals, dense vegetation or steep displacement gradients. Although the ICP displacements are much 
noisier than overlapping InSAR line-of-sight displacements, they still provide powerful constraints on 
near-surface fault slip. In the Fukushima–Hamadori case, near-fault displacements and rotations are 
consistent with decreased primary fault slip at very shallow depths of a few tens of meters, helping to 
account for the large, along-strike heterogeneity in surface offsets observed in the field. This displacement 
field also captures long-wavelength deformation resulting from the 11 March 2011 Tohoku great 
earthquake.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Over the past two decades, Interferometric Synthetic Aperture 
Radar (InSAR) and optical or SAR amplitude pixel matching tech-
niques have enabled coseismic surface deformation to be mapped 
over wide regions and at dense spatial resolutions (e.g., Massonnet 
et al., 1993; Michel et al., 1999; van Puymbroeck et al., 2000). 
These data are crucial for identifying the causative faulting, resolv-
ing patterns of slip at depth, probing the mechanical properties 
of the fault zone, mapping the transfer of stresses onto neighbor-
ing faults, and interpreting the long-term record of earthquakes 
recorded in topography. However, these methods are hampered by 
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certain restrictions. (1) They measure only particular components 
of the three-dimensional (3-D) deformation field. (2) C-band InSAR 
and sub-pixel correlation techniques often break down in regions 
with forest or agricultural cover. (3) While InSAR is powerful at de-
tecting the far-field deformation of continental earthquakes caused 
by slip at depth, steep phase gradients and intense ground shak-
ing often lead to loss of coherence within and along the fault zone 
itself, limiting our constraints upon the shallow slip distribution.

Differencing of pre- and post-earthquake topography offers rich 
potential for addressing these limitations. Airborne Light Detection 
and Ranging (lidar), also known as airborne laser swath mapping 
(ALSM), uses a laser ranging device, together with information 
on the position and orientation of the aircraft platform, to deter-
mine the x, y and z coordinates (within a global geodetic refer-
ence frame) of an uneven distribution of ground targets (a ‘point 
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Fig. 1. (a) Topographic map of north-eastern Honshu, Japan. (b) The epicentral region of the 14 June 2008 Iwate–Miyagi earthquake (Mw 6.9) showing the Global CMT catalog 
focal mechanism, the locations of mapped surface ruptures from Matsu’ura and Kase (2010) and Toda et al. (2012), and a coseismic interferogram constructed from ALOS 
PALSAR ascending track 402 scenes from 21 June 2007 and 23 June 2008 (using JPL/Caltech ROI-PAC software). i is the line-of-sight (LOS) incidence angle (measured from 
the vertical) and 2π radians in LOS displacement is equivalent to the radar half-wavelength of 11.8 cm (with positive increasing values indicating motion away from the 
satellite). (c) The epicentral region of the 11 April 2011 Fukushima–Hamadori earthquake (Mw 7.1) with mapped surface ruptures from Mizoguchi et al. (2012) and Toda and 
Tsutsumi (2013), the GCMT focal mechanism, and a coseismic interferogram constructed from ALOS PALSAR ascending track 304 scenes from 3 March and 18 April 2011. The 
fringe pattern near the SW corner of the figure results from an earlier Mw 5.8 (M j 6.1) earthquake on 19 March 2011 (Kobayashi et al., 2012). We also plot coseismic GPS 
displacements for the Tohoku earthquake from Ozawa et al. (2011); numbers refer to lateral (and vertical) displacements in meters. Other active faults are from Nakata and 
Imaizumi (2002).
cloud’) to a precision of a few centimeters (Carter et al., 2007;
Glennie et al., 2013). Modern lidar surveys can map wide re-
gions at densities of several points/m2 or higher and can also 
record multiple returns from a single laser pulse, such as from 
vegetation and the underlying ground surface. This capability al-
lows canopy to be removed from lidar point clouds, and has 
been used to reveal previously unidentified fault scarps in densely 
forested regions (Haugerud et al., 2003; Cunningham et al., 2006;
Hunter et al., 2011; Barth et al., 2012; Z. Lin et al., 2013; Langridge 
et al., 2014).

As the point spacing in modern lidar datasets is finer than 
the scale of slip and displacement in large earthquakes, differ-
encing of ‘before’ and ‘after’ fault zone topography should reveal 
3 dimensional (3-D) coseismic surface displacements with mini-
mal loss of coherence in vegetated areas or in rupture zones. An 
explosion of lidar surveying in the past decade provides a topo-
graphic baseline for future differencing opportunities along many 
active faults, particularly in the western US (e.g., Bevis et al., 2005;
Prentice et al., 2009). However, demonstration of this emerging 
new application for airborne lidar has so far been restricted by 
a lack of high quality paired datasets on which to test them. The 
2010 El Mayor–Cucapah earthquake rupture in northern Mexico 
is the only earthquake with complete pre- and post-lidar cover-
age, but 3-D analysis of the deformation field is made difficult 
by the unusually sparse density (∼0.013 points/m2) of the pre-
event dataset (Oskin et al., 2012; Glennie et al., 2014). Experiments 
on southern California lidar datasets deformed with simulated 
earthquakes of known displacements reveal what should be pos-
sible with higher density point clouds (Borsa and Minster, 2012;
Nissen et al., 2012). In addition, all of these studies focus on semi-
arid landscapes where vegetation cover is not a serious issue for 
lidar differencing, as it will be in many future cases.

In this paper, we exploit two, newly-available, paired lidar 
datasets to map 3-D fault zone deformation along portions of two 
recent earthquake ruptures in Japan (Fig. 1). Both events occurred 
in regions with dense forested cover, allowing us to explore lidar
differencing in more testing conditions than was previously pos-
sible. We also address the need to incorporate third party lidar 
datasets which were not optimized for earthquake studies and for 
which important data collection and processing metrics are un-
available (see also Glennie et al., 2014). Despite these challenges, 
the Japanese case studies presented here demonstrate some of 
the potential insights from this new geodetic technique. A partic-
ularly promising application, best illustrated by our second case 
study, is to use coherent lidar displacements from the interior 
part of the fault zone to help bridge a critical observational gap 
between surface faulting offsets (measured in the field over meter-
scale apertures) and slip occurring at depths of a few kilometers 
(such as is routinely inferred using InSAR over kilometer-scale 
apertures). Discrepancies in these measurements have important 
implications for understanding the mechanical behavior of fault 
zones and for interpreting their geomorphology (e.g., Simons et 
al., 2002; Fialko, 2004; Fialko et al., 2005; Copley et al., 2012;
Dolan and Haravitch, 2014).

2. 2008 Iwate–Miyagi earthquake (Mw 6.9)

This earthquake struck north-eastern Honshu on 14 June 2008, 
in a mountainous region along the border of the Iwate and Miyagi 
prefectures, ∼400 km north of Tokyo (Fig. 1a). Ascribed a local 
magnitude (M jma) of 7.2 by the Japanese Meteorological Agency 
(JMA) and a moment magnitude (Mw ) of 6.9 by the Global Cen-
troid Moment Tensor (GCMT) catalog, this was the largest in-
land earthquake in Japan since the devastating 1995 Kobe event 
(M jma 7.3, Mw 6.9), and it led to 23 people dying or going miss-
ing, ∼500 injuries, and heavy damage to more than 100 buildings. 
The earthquake also triggered more than 4100 mapped landslides 
and debris flows which contributed greatly to the loss of life and 
property in the area (Yagi et al., 2009).

Source models based on near-field high rate GPS and strong 
motion data show that the earthquake involved predominantly re-
verse slip along a ∼40 km-long, NNE-striking and WNW-dipping 
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fault (Ohta et al., 2008; Yokota et al., 2009; Suzuki et al., 2012;
Lucca et al., 2012). InSAR models for the earthquake are in general 
agreement, but also incorporate slip on a conjugate ESE-dipping 
fault in the central part of the fault zone (Takada et al., 2009;
Abe et al., 2013). According to these models, peak slip was 1–3 m 
in the northern part of the fault zone and 3.5–6.5 m in the south-
ern part and occurred at a depth of 2–5 km.

The main causative fault, which had not been identified prior 
to the earthquake, broke along the eastern flank of the Ou Moun-
tains (Fig. 1b), a range that is mainly composed of Miocene–
Quaternary volcanic and sedimentary rocks (Toda et al., 2012). 
InSAR measurements were hindered by poor coherence in much 
of the hanging-wall as well as along parts of the surface rup-
ture, including the entire area of double lidar coverage (Fig. 1b). 
Field observations were also hampered by steep, forested terrain 
in much of the fault zone and only a few, isolated field mea-
surements of surface slip were made (Matsu’ura and Kase, 2010;
Toda et al., 2012). Vertical fault offsets are mostly <0.5 m, despite 
the inference from InSAR modeling of several meters of reverse 
slip along the fault plane at 2–5 km depth (Takada et al., 2009;
Abe et al., 2013). An exception to this general pattern was observed 
in the southern part of the fault zone, where Toda et al. (2012)
used terrestrial lidar measurements to document right-lateral off-
sets of up to 7 m and vertical offsets of up to 4 m along a 
∼1 km-long, E–W-striking fault scarp. This section of surface rup-
ture lies within the area of repeat lidar coverage focused on in this 
paper.

2.1. Iwate–Miyagi lidar differencing

In September 2006 the commercial surveying company Ko-
sukai Kogyo Co., Ltd. (http :/ /www.kk-grp .jp/) acquired lidar data 
over several watersheds in the epicentral region of the future 
earthquake, primarily for the purpose of land management. These 
data were collected from an aeroplane platform, which flew at 
an average height of 2600 m above ground level (AGL) and car-
ried a 32 kHz Leica Geosystem ALS40 scanner. This survey gen-
erated ground return densities averaging ∼0.25 points/m2. After 
the earthquake struck, another commercial lidar provider, Aero 
Asahi Corporation (http :/ /www.aeroasahi .co .jp/), surveyed parts of 
the rupture zone during several flights in June, July, August and 
September 2008. Deploying a 70 kHz Optech ALTM3100 scanner 
from a helicopter platform at ∼1000 m AGL, they were able to 
generate average point densities of ∼4 points/m2.

We identified a small (1700 m × 900 m) region within the 
southern part of the fault zone that was mapped in both surveys 
(black rectangle, Fig. 1b). We obtained pre- and post-event, grid-
ded, bare earth digital terrain models (DTMs) – shown in Figs. 2a 
and 2b – although we were not provided information about the 
steps taken to rasterize the raw points clouds and remove veg-
etation. The pre- and post-earthquake DTMs have resolutions of 
2 m and 1 m, respectively, and both are registered in Japan Plane 
Rectangular Coordinate System X (in meters), though we have no 
information about the differential GPS ground control used during 
surveying, nor any accuracy validation. Most of the area covered by 
the lidar is densely forested (Fig. 2c). Within the scene boundaries, 
there is no clear evidence for the presence of an active fault in the 
pre-event DTM. The post-event DTM includes a ∼1 km-long fault 
scarp (Figs. 2d, 2e), which is the same section of surface faulting 
described in detail by (Toda et al., 2012). The eastern portion of the 
scarp faces south and the western portion faces north. Two major, 
deep-seated landslides triggered by the earthquake also lie within 
or partly within the focus area of this study. Part of the Aratozawa 
landslide – the largest of those triggered by the earthquake with a 
volume of ∼70 million cubic meters (Yagi et al., 2009) – is covered 
by the SW corner of the scene (Figs. 2b, 2c), while the Sanhazama 
landslide lies in the scene center (Figs. 2b, 2c, 2f).

For an initial analysis we subtract the pre-earthquake DTM from 
the post-earthquake DTM (e.g., Oskin et al., 2012). Although this 
leads to aliasing of tectonic horizontal deformation, the elevation 
change results are at the resolution of the DTMs — in contrast with 
the 3-D displacements we later determine, which are much coarser 
resolution — and therefore have the potential to reveal interest-
ing short-wavelength deformation signals. In this instance, large 
negative and positive elevation changes are revealed in the central 
parts of the scene related to the scarp and toe of the Sanhazama 
landslide, respectively (Fig. 3a). The landslide has in turn blocked 
and dammed the eastward-flowing Sanhazama River, which conse-
quently displays positive elevation changes of a few meters along 
its upper course. The scarp of the Aratozawa landslide in the SW 
corner of the scene is also characterized by strong negative ele-
vation changes. Linking the two landslide scarps, the ∼1 km-long 
fault scarp mapped by Toda et al. (2012) is also marked by a faint 
discontinuity in elevation difference values. However, the simple 
DTM elevation differencing does not measure horizontal motions 
and it is therefore difficult to discern additional information about 
coseismic displacements from this map. Independently, Mukoyama
(2012) applied particle image velocimetry (PIV) to lidar slope maps 
to obtain horizontal displacements across this area (using a differ-
ent post-event dataset to the one we use), but this method does 
not account for vertical changes.

To construct the 3-D surface deformation field, we used the 
implementation from Nissen et al. (2012) of the Iterative Closest 
Point (ICP) algorithm (Besl and McKay, 1992; Chen and Medioni, 
1992). It computes 3-D surface displacements and rotations by it-
eratively minimizing closest point distances between local square 
subsets (“cells”) of the pre-event (“source”) and post-event (“tar-
get”) data (Fig. 4). The resulting, cumulative rigid-body transfor-
mation represents the local displacement and rotation that most 
closely aligns the pre-event cell topography to the post-event 
equivalent. The choice of cell dimension must balance the desire 
for finer resolution against the requirement that each cell contain 
enough topographic heterogeneity for an accurate alignment to be 
achievable. Pairs of cells that contain planar arrays of points can, of 
course, be aligned in any number of ways and so in very smooth, 
flat or planar areas ICP results may be meaningless (for exam-
ple, ICP displacements computed by Glennie et al., 2014 for the El 
Mayor–Cucapah earthquake are spurious on the smooth playa of 
Laguna Salada, but mostly retain coherence across rougher planar 
surfaces such as alluvial fans and dry river beds). In addition, larger 
cell sizes risk there being significant internal strain arising from 
the displacement field, which would prevent alignment through 
the ICP rigid body transformation. However, Nissen et al. (2012)
showed that realistic elastic deformation gradients have negligible 
effects on computed ICP displacements for the cell sizes consid-
ered in this study.

Taking these factors into consideration and after experimen-
tation, we used a cell size of 50 × 50 m. The target cells also 
included an additional 10 m-wide overlapping border in order 
to spatially encompass the coseismic displacement and thus en-
sure that topographic features in each pre-event cell are contained 
within the post-event cell (Fig. 4). While this results in a 20 m 
overlap between adjacent post-event cells, there is no overlap be-
tween adjacent pre-event cells and each computed displacement 
is thus independent from neighboring ones. Although the method 
is easily applied to irregularly-spaced point clouds, here we were 
restricted to using the regularly-spaced nodes of the DTMs. This 
potentially introduces a bias in computed displacements, because 
certain alignments of regularly-spaced grids achieve closer hor-
izontal closest point distances than others. For this reason, we 
chose to use point-to-plane ICP (Chen and Medioni, 1992) which 
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Fig. 2. (a) Pre- and (b) post-earthquake airborne lidar DTMs spanning the 2008 Mw 6.9 Iwate–Miyagi earthquake, artificially illuminated from the NE with x and y coordinates 
in meters (Japan Plane Rectangular Coordinate System X). In (b), red arrows point to the ends of the fault scarp. (c) Post-earthquake Google Earth image of the same scene 
captured on 15 October 2009. Red arrows again point to ends of the rupture trace, which is obscured by forest cover in this image. (d) Fault scarp in (b) shown at greater 
magnification. The earthquake scarp is marked in by red pluses on the locally-upthrown side and minuses on the downthrown side. (e) Photograph of surface rupture, facing 
approximately ENE with geologist for scale. Note dense forest canopy. Photograph location shown in (b) and (d). (f) Photograph of the landslide scarp at the head of the 
Sanhazama landslide, facing approximately E. Photograph location shown in (b). (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
minimizes distances between each source point and the tangential 
plane at its target point.

The ICP differencing clearly reveals the 3-D coseismic displace-
ment field across the scene (Fig. 3b), in stark contrast with the 
simple DTM elevation differencing (Fig. 3a). As outlined earlier, 
in this simple implementation of the ICP algorithm the displace-
ment value for each cell is obtained independently from those of 
its neighbors. This gives us confidence that the smoothly-varying 
displacements observed across most of the scene are genuine. 
It also implies that there is no limit to the displacement gra-
dients resolvable between adjacent cells, as long as the internal 
cell strain is not so large that ICP cannot compute a meaning-
ful rigid-body alignment in the first place (as discussed earlier). 
In practice this means that ICP yields mostly spurious displace-
ments for cells that contain the fault scarp – these have been 
removed from Fig. 3b – but yields coherent displacements for 
cells in very close proximity to the surface break including neigh-
boring ones. This is in stark contrast with conventional InSAR, 
where line-of-sight displacement gradients of more than one radar 
half-wavelength (typically a few centimeters) per pixel (typically 
a few tens of meters) result in incoherent noise. In this ex-
ample, InSAR imagery is completely decorrelated within the ex-
tents of the lidar scene (Fig. 1b; Midorikawa and Miura, 2008;
Takada et al., 2009). The improved spatial coherence of the lidar 
displacement field is impressive considering the fact that these 
measurements encompass a ∼2 year interval compared to the 
∼1 year timespan of the interferogram shown in Fig. 1b.

In addition to the DTM cells which contain the fault scarp, 
those encompassing the two landslides and the dammed river 
also involve a change in internal cell shape, rendering ICP align-
ments spurious. Displacements in these cells are consequently 
eliminated from Fig. 3b. These areas are instead best character-
ized by the DTM elevation difference map in Fig. 3a. There re-
mains the potential to use ICP and PIV to detect block surface 
motions occurring within deep-seated landslides (Teza et al., 2007;
Aryal et al., 2012), but the two contained within our scene each in-
volved incoherent collapse of the hillside rendering these methods 
challenging or even impossible.

Discounting cells containing the fault scarp or which cover the 
two landslides or the dammed river, ICP results appear coherent 
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Fig. 3. (a) Elevation change for the 2008 Mw 6.9 Iwate–Miyagi earthquake determined by subtracting pre-earthquake DTM from post-earthquake DTM. Black arrows point to 
the ends of the rupture trace. (b) ICP differencing results: arrows are horizontal displacements and colored circles are vertical displacements. The entire extent of this map is 
incoherent in InSAR imagery (Fig. 1b).
across the scene with very few obviously spurious displacements 
(Fig. 3b). The NW side of the fault generally translates eastwards 
relative to the SE side, indicating significant right-lateral slip, con-
sistent with published focal mechanisms and fault models (e.g., 
Takada et al., 2009). Vertical displacements in cells lying either side 
of the E–W trending fault scarp also indicate a component of dip 
slip, with a N-side up sense along the eastern part of the scarp, in 
agreement with field observations (Toda et al., 2012). In the region 
between the scarp and the dammed Sanhazama river, material ro-
tates anticlockwise around a vertical axis such that adjacent to the 
landslide scar, surface displacements are to the NE. However, north 
of the dammed river, displacements are uniformly towards the 
SE. The resultant discontinuity in displacements across the San-
hazama river may reflect (1) shallow faulting along the trend of 
the river channel or (2) NE-directed slumping of the southern flank 
of the Sanhazama valley. Superficially, our horizontal displacement 
field resembles the one obtained from particle image velocimetry 
(Mukoyama, 2012).

3. 2011 Fukushima–Hamadori earthquake (Mw 7.1)

This Mw 7.1 (M jma 7.0) earthquake occurred in the Abukuma 
Mountains west of Iwaki city, southern Fukushima prefecture, on 
11 April 2011 (Fig. 1c). It was the largest of a swarm of shal-
low normal faulting earthquakes associated with E–W extension of 
northern Honshu during and after the 11 March 2011 Tohoku great 
earthquake (Kato et al., 2011; Imanishi et al., 2012). Field mapping 
(Mizoguchi et al., 2012; Toda and Tsutsumi, 2013) and InSAR im-
agery (Kobayashi et al., 2012; Fukushima et al., 2013) indicate that 
the earthquake produced two distinct, subparallel surface ruptures, 
apparently simultaneously (Fig. 1c). Both occurred along previously 
recognized faults and involved predominantly down-to-the-west 
normal slip.

Detailed mapping of both rupture strands was undertaken by 
Mizoguchi et al. (2012) and Toda and Tsutsumi (2013). We com-
plement their observations with our own slip measurements (col-
lected by T.M. in middle April–June 2011) within the area of repeat 
lidar coverage (Figs. 1c, 5). The 16 km-long eastern rupture in-
volved up to 0.9 m of vertical offset along the Yunodake Fault, 
which forms a SW-facing escarpment separating Cretaceous meta-
morphic and igneous rocks of the Abukuma Mountains to the NE 
from a wedge-shaped half-graben filled with Neogene sedimentary 
rocks to the SW (Fig. 1c). However, this fault lies outside the re-
gion in which we have obtained pre- and post-event lidar data so 
we henceforth concentrate on the western rupture.

Here, the earthquake generated a ∼14 km-long scarp along the 
NNW-trending Itozawa fault, which cuts through Cretaceous meta-
morphic rocks along the eastern margin of the Abukuma Moun-
tains. Vertical offsets of up to 2.2 m were measured, up to the 
ENE, thereby acting to reverse the local topography and causing 
several E-flowing streams to pond against the fault scarp. Smaller 
components of strike-slip were also documented, with a left-lateral 
sense along the northern part of the rupture and a right-lateral 
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Fig. 4. An outline of our Iterative Closest Point (ICP) method for aligning pre- and post-event DTM cells. In step 2, the rigid body transformation φ that minimizes closest 
point distances between the pre- and post-event DTM nodes comprises translations tx , t y and tz in the x, y and z directions, and rotations α, β and γ about the x, y and z
axes.

Fig. 5. (a) Pre-event Google Earth image captured on 17 September 2005, illustrating the dense vegetation within much of the study area. (b) Pre- and (c) post-earthquake 
airborne lidar DTMs spanning the 2011 Mw 7.1 Fukushima–Hamadori earthquake, artificially illuminated from the NE with x and y coordinates in meters (Japan Plane 
Rectangular Coordinate System IX). In (b), the blue rectangle marks an area which contains large triangular artefacts, as illustrated in the inset box. In (c), colored symbols 
show field measurements of vertical offset along the Itozawa rupture, styled according to the different observers. The inset shows a detailed view of the section containing 
the greatest measured vertical offset, with red pluses and minuses marking the upthrown and downthrown sides of the fault scarp, respectively. (d) Field measurements of 
vertical surface offset plotted by their northing coordinate, with colored symbols as in (c). The large scatter in slip values north of 111 000 is partly due to a local split of the 
fault scarp into two strands. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sense along the southern part. Most bedrock fault plane exposures 
indicate steep dips of >70◦ , consistent with the linear trace of 
the fault across undulating topography. However, the fault dip at 
seismogenic depths is ambiguous: InSAR modeling by Kobayashi 
et al. (2012) points to a planar fault with a dip of 57◦ whereas 
Fukushima et al. (2013) propose a listric fault geometry with a 
shallow (∼30◦) dip at depth and a steeper (∼72◦) dip at the sur-
face.

The largest vertical offsets measured in the field are gener-
ally concentrated along the southern half of the Itozawa rupture, 
within the area of repeat lidar coverage (Fig. 5). Measurements 
by Mizoguchi et al. (2012), Toda and Tsutsumi (2013) and by 
T. Maruyama are in close agreement and indicate a notable along-
strike variation in offset magnitude (Figs. 5c, 5d). There are two 
distinct scarp sections accommodating offsets of ∼2 m separated 
by a ∼0.5 km section in which most are <0.5 m; in some places 
there is also more localized scatter, with variations of >1 m in ver-
tical scarp offset occurring over distances of <100 m. Paleoseismic 
trenching along the southern part of the rupture indicates that the 
penultimate event occurred ca. 12–17 kyr before present and is 
consistent with a slow fault slip-rate (Toda and Tsutsumi, 2013).

3.1. Fukushima–Hamadori lidar differencing

The two companies that collected pre- and post-earthquake li-
dar data along the Itozawa Fault are the same as those for the 
earlier Iwate–Miyagi earthquake. Kosukai Kogyo collected a re-
gional lidar dataset during several flights in late 2006 and early 
2007, using a 30 kHz Leica Geosystem ALS50 scanner deployed 
from an aeroplane platform operating at ∼2500 m AGL. Their sur-
veys generated ground return densities averaging ∼0.25 points/m2. 
In May 2011, shortly after the earthquake, Aero Asahi surveyed a 
2 km-wide swath along the Itozawa rupture from a helicopter plat-
form at 750 m AGL equipped with a 100 kHz Optech ALTM3100 
scanner, achieving average densities of ∼7 points/m2. As in the 
case of the Iwate–Miyagi earthquake, much of the epicentral re-
gion is densely forested (Fig. 5a).

We acquired the 2 m-resolution pre-event bare earth DTM 
shown in Fig. 5b and the 1 m-resolution post-event DTM shown 
in Fig. 5c, both registered in Japan Plane Rectangular Coordinate 
System IX (in meters). Again, we have no information about sur-
veying accuracies nor about the precise steps taken to generate 
the bare Earth models. Though everywhere rasterized at a 2 m 
spacing, the pre-event DTM is in some places represented by con-
spicuous triangular facets with dimensions of up to a few tens of 
meters. The facet vertices presumably reflect a triangular irregular 
network (TIN) constructed in areas containing sparse ground re-
turns and are most prominent in the SE part of the scene (Fig. 5b). 
The post-event DTM captures the fresh fault scarp clearly (inset, 
Fig. 5c).

The two lidar datasets span both the 11 April 2011 Fukushima 
Hamadori earthquake and the preceding 11 March 2011 Tohoku 
great earthquake. Nearby GPS stations of the GPS Earth Obser-
vation Network (GEONET) shifted 1.5–1.75 m in a roughly east-
erly direction and subsided by 0.25–0.5 m during the Tohoku 
event (Fig. 1c), and shifted a further ∼0.2 m eastwards during the 
subsequent two week post-seismic interval (Ozawa et al., 2011). 
Any differences between the two lidar datasets therefore reflect a 
combination of (1) deformation due to the distant Tohoku great 
earthquake, which in our relatively narrow focus area consists 
of approximately uniform shifts to the east and vertically down-
wards, and (2) localized displacements caused by the Fukushima–
Hamadori earthquake. Although this is also true of the coseismic 
interferogram shown in Fig. 1c, the >4 year interval between the 
two lidar scenes is much longer than typical InSAR timespans.
Elevation differences computed from a straightforward subtrac-
tion of the pre-event DTM from the post-event DTM generally 
show more positive values east of the surface rupture and more 
negative values west of it (Fig. 6a), consistent with the down-
to-the-west sense of normal slip observed in the field and with 
InSAR. However, these values also exhibit a short-wavelength vari-
ability which is correlated with local slope aspect and gradient. As 
with the earlier case study, this reflects the fact that lateral dis-
placements (caused by both the Tohoku and Fukushima–Hamadori 
earthquakes) are not accounted for by this most simple of differ-
encing strategies.

We undertook 3-D differencing of the two datasets using the 
same implementation as was used in Section 2.1 (point-to-plane 
ICP with a 50 × 50 m source cell size and 70 × 70 m target 
cell size; Fig. 4). Resultant vertical displacements reveal smoothly-
varying patterns of uplift and subsidence (Fig. 6b), in contrast 
with the more spatially-heterogeneous DTM elevation differences 
(Fig. 6a). We further illustrate this point using histogram plots 
which show a much greater spread of elevation difference values 
(inset, Fig. 6a) than of vertical ICP displacements (inset, Fig. 6b). 
Fault-perpendicular swath profiles through the vertical displace-
ments exhibit a clear step across the mapped surface rupture, 
although there is significant local scatter (Fig. 6c). In general, 
∼90% of these values lie within ±50 cm of linear trends through 
the footwall and hanging wall displacements, and a small num-
ber of the outliers are clearly spurious. However, displacements 
in the southern part of the scene – within the dashed rectangle 
on Figs. 6a and 6b and including parts of swaths F–F′ and G–G′
in Fig. 6c – are noisier still. This area is where prominent trian-
gular facets were introduced during the construction of the pre-
earthquake DTM (inset, Fig. 5b), probably due to a local scarcity of 
ground returns in the original surveys. These artefacts cause sig-
nificant differences in the internal shape of equivalent pre- and 
post-earthquake cells, leading in turn to spurious or erroneous ICP 
displacements.

In contrast with the vertical deformation, E–W and N–S ICP dis-
placements (Figs. 7a, 7b) lack a clear discontinuity across the fault. 
For a steeply dipping normal faulting event, vertical displacements 
are likely to dominate and it seems likely that the horizontal signa-
ture of the Fukushima–Hamadori earthquake is simply lost in the 
noise. In addition, horizontal displacements appear noisier than 
the vertical ones, with only ∼60% of the x and y displacements 
lying within ±50 cm of the local linear trend, compared with 
∼90% for the vertical displacements. This is also shown by the his-
tograms of horizontal x and y displacements (insets to Figs. 7a 
and 7b), which are noticeably larger than that of the vertical dis-
placements (inset, Fig. 6b). Presumably this reflects the fact that 
slope gradients are usually <1, such that any mistakes in align-
ment effect displacements in the z direction less than those in x
and y directions. Another possible contributing factor is that lidar
ground returns typically have more precise z coordinates than x
and y ones (e.g., Toth et al., 2007).

Nevertheless, E–W displacement values in Fig. 7a are clustered 
around +2 m (rather than around zero), which presumably reflects 
the approximately uniform eastwards shift of the area during and 
immediately after the 11 March Tohoku earthquake. This value is 
close to coseismic and early postseismic displacements recorded at 
the nearest GPS stations, as described earlier (Ozawa et al., 2011; 
Fig. 1b).

Finally, we are able to check that the apparent scatter in our 
lidar displacements is genuine noise (rather than short-wavelength 
deformation) by comparing them with overlapping InSAR line-of-
sight (LOS) displacements, which could be measured across much 
of the area of interest, if not right up to the surface faulting. 
We first projected the ICP x, y and z displacements onto the In-
SAR satellite LOS direction (Fig. 8a; see caption for details) and 
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Fig. 6. (a) Elevation change determined by subtracting pre-event DTM from post-event DTM. The dashed rectangle is the area in which the pre-event DTM contains large 
triangular artefacts (see for example the inset to Fig. 5b). Inset shows a histogram of elevation difference values, constructed using a bin width of 0.2 m and separated 
into footwall values in red and hanging-wall in blue. (b) Vertical displacements obtained through ICP differencing of pre- and post-event DTMs. Inset shows a histogram of 
vertical displacements, constructed in the same manner as the inset to (a). (c) Cross-fault swath profiles through ICP vertical displacements. Swaths have fault-parallel widths 
of 500 m and are shown in (b). The inflection about the surface rupture is marked in red on profiles A–E, although its precise width is difficult to discern due to scatter in 
the data.
then compared these with 30 m-resolution LOS displacements 
from the filtered, unwrapped InSAR interferogram (Fig. 8b). Profiles 
through each dataset show the same general trend, but confirm 
that most of the apparent scatter in the ICP displacements is in-
deed noise.

4. Discussion

The work presented in this paper illustrates some of the chal-
lenges of lidar differencing but also its rich potential. Displace-
ments measured with ICP contain significant noise and we discuss 
its source, and potential strategies for removing it, in Section 4.1. 
Nevertheless, the resulting displacement fields are largely coher-
ent even at distances of less than a few hundred meters from the 
surface fault breaks, in contrast with SAR interferograms and de-
spite the much longer intervals spanned by the lidar scene pairs. 
For this reason, ICP displacements from repeat topography consti-
tute an ideal dataset for probing shallow earthquake slip, a point 
which we discuss in detail in Section 4.2.

4.1. Technical issues with respect to lidar differencing

The ±50 cm scatter in ICP vertical displacements is significantly 
larger than RMS errors of ∼4 cm (for vertical displacements) and 
∼20 cm (for both E–W and N–S displacements) determined by 
testing the same differencing procedure on airborne lidar point 
clouds deformed with simulated earthquakes of known displace-
ment (Nissen et al., 2012). This discrepancy can help us identify 
possible sources of noise in the Japanese earthquake examples, and 
to consider ways of reducing scatter in future lidar differencing 
studies.

The experiments by Nissen et al. (2012) were undertaken on 
pre-event and simulated post-event data collected on separate but 
overlapping flight-lines of the B4 survey along the southern San 
Andreas Fault (Bevis et al., 2005). Their ∼4–20 cm RMS errors 
therefore incorporate uncertainties in raw lidar point coordinates 
– which in the B4 survey were estimated at a few centimeters 
Toth et al. (2007) – and also account for the varying contribu-
tions of individual ground reflectors to each separate lidar sur-
vey. Nissen et al. (2012) also obtained similar RMS errors when 
applying ICP to point clouds deformed with a smoothly-varying 
elastic displacement field, as would be expected around a large 
earthquake rupture. This implies that the ±50 cm-level scatter 
in the ICP displacement field of the Fukushima–Hamadori event 
is not principally caused by internal deformation of cell topogra-
phy arising from steep deformation gradients. It is also unlikely to 
reflect ambiguities in aligning planar cell surfaces, given the short-
wavelength relief observed across the scene (Fig. 5b).

However, the B4 dataset incorporated into the Nissen et al.
(2012) experiments – a ‘geodetic-grade’ survey designed for earth-
quake applications – differs from the third party surveys used in 
this study in a number of important respects: (1) The Nissen et 
al. (2012) B4-derived synthetic pre- and post-event datasets had 
an average point density of ∼2 points/m2, eight times that of the 
pre-event DTMs used in this study and twice that of the post-
event DTMs. Clearly, higher point densities enable displacements 
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Fig. 7. (a) Fukushima–Hamadori earthquake x-axis displacements (positive is to the E) from ICP differencing. The entire field shows East displacement of ∼2 m caused by 
upper plate deformation of the 2011 Great Tohoku subduction earthquake. Inset shows a histogram of x displacement values, constructed using a bin width of 0.2 m and 
separated into footwall in red and hanging-wall in blue. (b) y-axis displacements (positive is to the North) with inset histogram as in (a). The lack of systematic variations 
in these horizontal displacements over the map area is consistent with predominantly dip slip along the steeply dipping fault zone. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
to be measured at greater precision. (2) The test area chosen by 
Nissen et al. (2012) in southern California contained only sparse, 
low-lying vegetation and there was consequently no need to strip 
canopy returns from the scenes. In our Japan examples, we are un-
sure exactly how the pre- and post-event bare Earth DTMs were 
constructed; the two lidar providers may have used different algo-
rithms for stripping vegetation from the scene which could trans-
late into significant differences in the final DTM surfaces. Vegeta-
tion growth or decay in between the two lidar acquisitions could 
also potentially influence ICP displacements if canopy returns were 
not completely removed during DTM construction. (3) Aircraft tra-
jectories during each separate B4 flight were tied to the same dif-
ferential GPS base stations, minimizing positioning errors. In con-
trast, the survey pairs used in this study were flown by separate 
companies, years apart, using different GPS ground control. This 
may have resulted in much larger point positioning inconsistencies 
between the Japanese surveys than the decimeter-level uncertain-
ties estimated for the B4 dataset (Shan et al., 2007). Furthermore, 
without additional data collection metrics it is impossible to as-
sess errors in scanner pointing direction, range, aircraft orientation 
or trajectory. In the near future, reliance on the type of “lega-
cy” datasets used to investigate the Iwate–Miyagi and Fukushima–
Hamadori earthquakes – as well as the El Mayor–Cucapah event 
(Glennie et al., 2014) – may be the rule rather than the exception 
for lidar differencing studies. These earthquakes may therefore act 
as important precedents.
There is also much scope for improving and refining the 
methodology for determining 3-D deformation from paired lidar
datasets. A “sliding window” approach – coupled with care-
ful filtering – could potentially be used to remove some of 
the noise, and other variants of ICP could also be tested (e.g., 
Rusinkiewicz and Levoy, 2001), including ones which incorporate 
spot height errors (Glennie et al., 2014). Other topography differ-
encing techniques are also available including DEM pixel tracking 
(Leprince et al., 2012), point cloud cross-correlation (Borsa and 
Minster, 2012), and particle image velocimetry (Mukoyama, 2012;
Aryal et al., 2012). There is potential in all of these methods to 
include the intensity values of the lidar returns as an additional 
constraint on horizontal displacements – as discussed by Borsa and 
Minster (2012) – although this adaptation is perhaps best suited to 
areas with sparser vegetation than in our Japan examples. Other al-
gorithms that register point clouds or DTMs using non-rigid body 
transformations could potentially also be adapted for earthquake 
studies, helping account for any internal cell strains in addition to 
calculating translations and rotations (e.g., Rueckert et al., 1999;
Lin et al., 2010; Wu et al., 2013). Finally, the Japan examples 
also illustrate how by integrating a simple DTM elevation differ-
encing approach, localized mass movements can be easily distin-
guished from the smoother coseismic displacement field. More 
sophisticated elevation differencing algorithms could also be in-
corporated, such as those which account for DTM uncertainties 
or differences in point cloud roughnesses (Wheaton et al., 2010;
Lague et al., 2013).
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Fig. 8. (a) ICP displacement results resolved into the InSAR satellite line-of-sight (LOS). These are calculated by projecting the combined ICP translation for each cell (tx +
t y + tz) onto the pointing vector shown in Fig. 1c. In other words, tLOS = −(tx · sin i · cos(360 −φ)) − (t y · sin i · sin(360 −φ)) + (tz · cos i) where tx , t y and tz are translations in 
the x, y and z directions, i is the satellite center scene incidence angle of 34◦ , and φ is the ascending-track satellite azimuth of 346.9◦ . We classify positive LOS displacements 
as motion towards the satellite, i.e. a decrease in range. Positive tx and t y values increase the range and thus contribute negatively towards tLOS whereas positive tz decreases 
the range and thus contributes positively towards tLOS . (b) Unwrapped InSAR LOS displacements, from the same interferogram as is shown in Fig. 1c. These displacements 
have been smoothed using an adaptive spatial filter (Goldstein and Werner, 1998) and the unfiltered interferograms contain additional noise on the level of a few centimeters. 
(c) Cross-fault swath profiles through the ICP LOS displacements (black) and filtered InSAR LOS displacements (red), from the areas shown in (a) and (b). The correspondence 
between the two completely independent datasets is remarkable and they have a useful complementarity between near (ICP) and far field (InSAR). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
4.2. Near fault displacements and shallow slip deficit

The vertical distribution of fault slip in large earthquakes places 
important constraints on the depth variation in mechanical proper-
ties (of the fault itself and of the surrounding volume), shaping our 
understanding of the earthquake cycle, the longer-term structural 
evolution of the fault zone, and the expression of active fault-
ing in topography and geomorphology. Several studies have sug-
gested that large events commonly exhibit a ‘shallow slip deficit’ 
in which inferences of near-surface slip – often based largely or 
entirely on field measurements of surface offset – are routinely 
lower than those of slip at depths of a few kilometers, usually de-
termined with InSAR or other geodetic or seismological inversions 
(e.g., Simons et al., 2002; Fialko et al., 2005; Copley et al., 2012;
Dolan and Haravitch, 2014). These patterns are best documented in 
strike-slip earthquakes, in which the most pronounced shallow slip 
deficits are associated with structurally-immature faults that have 
relatively small cumulative offsets (<10 km; Fialko et al., 2005;
Dolan and Haravitch, 2014).

Many large earthquakes exhibit highly irregular surface off-
set distributions, much like the one shown in Figs. 5c and 5d
along the Itozawa fault (e.g., Ambraseys and Tchalenko, 1972;
McGill and Rubin, 1999; Barka et al., 2002; Haeussler et al., 2004;
Xu et al., 2006; Elliott et al., 2012; Gold et al., 2013). This raises the 
question: how much of this variability results from heterogeneous 
subsurface slip and how much instead reflects the fact that while 
field measurements are made only on visible scarps or ruptures, 
the total offset might be accommodated across broader zones of 
distributed slip or warping? The 1999 Izmit (Turkey) and 2010 
Darfield (New Zealand) strike-slip earthquakes, for instance, gen-
erated 30–300 m-wide inflections to linear rows of trees or crops, 
fences, and other cultural features which imply non-brittle rup-
ture and off-fault deformation in the shallow subsurface (Rockwell 
et al., 2002; Quigley et al., 2010). In contrast, offsets to linear 
agricultural features generated by the 1940 Imperial Valley earth-
quake (California) are localized to within just ∼5 m of the primary 
rupture yet also exhibit a high degree of short-wavelength, along-
strike variability (Rockwell and Klinger, 2013).

Clearly, this question has important implications for how shal-
low slip deficits in large events are inferred and interpreted. Unfor-
tunately, many coseismic SAR interferograms decorrelate along sur-
face ruptures (within a kilometer or so of the fault break) due to 
the steep phase gradients (e.g., Figs. 1b, 1c) and consequently there 
is often a critical observational gap between measurements taken 
at the fault scarp and those in the far-field. In the Fukushima–
Hamadori earthquake, however, lidar differencing provides unique 
constraints on this near-field deformation and thus on fault slip in 
at depths of a few tens to several hundreds of meters. Calculation 
of the near-surface slip distribution is beyond the scope of this pa-
per – though it is clearly feasible using data of the kind presented 
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Fig. 9. (a) Vertical displacements obtained through ICP differencing of pre- and post-event DTMs (these are the same results as plotted in Fig. 6b). (b) y-axis rotations 
(positive is clockwise about the positive axis). (c) Fault-parallel profiles through ICP vertical displacements in the footwall (red) and hanging-wall (blue). The area included 
in each profile is shown in the same color in (a). (d) Field measurements of vertical surface offset by T. Maruyama, Mizoguchi et al. (2012) and Toda and Tsutsumi (2013), 
projected onto the same fault-parallel profile as in (c). Although the maxima in the fault parallel ICP profiles and the surface offset measurements are similar, the latter are 
much more irregular along the length of the rupture. This implies that fault slip “bleeds off” irregularly in the upper few hundred meters of the fault zone. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)
here – but in this case even a qualitative assessment of the lidar 
deformation field is informative.

Cross-fault swath profiles through the ICP vertical displace-
ments (Fig. 6c) appear to show inflections close to the surface 
rupture that reflect up-dip slip decrease (if the slip were uniform 
all the way to the surface then there would instead be a discrete 
discontinuity or step in displacements at the fault). The precise 
width of the inflection is difficult to discern from these profiles due 
to scatter but appears no larger than ∼200 m. At greater distances 
away from the fault, such as the 200–600 m distances sampled in 
the fault-parallel swath profiles shown in Figs. 9a and 9c, the dif-
ferences between footwall and hanging-wall vertical displacements 
appear to remain a roughly constant ∼2 m along the northern half 
of the study area zone – similar in magnitude to the maximum 
surface offsets observed in the field – before gradually decaying 
southwards. These wider aperture displacement measurements are 
indicative of fault slip at a few hundred meters depth. Although 
short-wavelength, subsurface slip heterogeneities may be partially 
smoothed over in the surface deformation field, the profile shown 
in Fig. 9c still implies that slip at these depths is much more uni-
form than the highly fluctuating surface faulting offsets shown in 
Fig. 9d. Only the very largest vertical surface offsets measured in 
the field appear consistent with the slip magnitude inferred from 
the profiles in Fig. 9c.

ICP rotation results provide even tighter constraints on the 
depth extents over which large fault slip heterogeneities occur 
(Fig. 9b). A narrow band of pixels containing large anticlockwise 
rotations about the positive y-axis (the horizontal axis pointing N) 
delineates the entire length of the surface rupture and represent 
the up-to-the-East surface faulting or warping within these cells. 
These large rotation values are confined to single cells even along 
those fault sections which exhibit small surface offsets, implying 
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that most of the near-surface depletion in slip originates within a 
few tens of meters of the surface.

This very shallow slip depletion may reflect (1) large near-
surface slip gradients that are recovered by creep later on in the 
earthquake cycle, (2) loss of slip to near-surface folding, or (3) re-
distribution of slip onto smaller subsidiary faults and fractures 
that were too subtle to have been observed in the field. Inter-
estingly, some of the greatest surface offsets occur within a small 
sedimentary basin whereas some of the conspicuously small off-
sets occur where the surface is mantled with relatively thin col-
luvium. This suggests that any loss of primary fault slip occurs 
within bedrock, rather than in unconsolidated sediment as was the 
case in the Izmit and Darfield earthquakes (Rockwell et al., 2002;
Quigley et al., 2010). The coseismic reversal of local topography 
along the Itozawa fault implies a small total throw on a struc-
turally immature fault (Mizoguchi et al., 2012; A. Lin et al., 2013;
Toda and Tsutsumi, 2013). We do not observe any clear, gener-
alized lithological or geomorphological differences between areas 
with large surface slip deficit and those with no difference be-
tween surface slip and that detected with differential lidar.

5. Conclusions

We apply the Iterative Closest Point technique to two pairs 
of high-resolution lidar-derived DTMs spanning earthquake surface 
ruptures in forested uplands of Honshu, Japan. Differencing of pre-
and post-earthquake DTMs recover coherent displacements across 
rupture zones of the 14 June 2008 Iwate–Miyagi (Mw 6.9, reverse 
sense) and 11 April 2011 Fukushima–Hamadori (Mw 7.1, normal 
sense) earthquakes. Resulting 3-D displacement fields show signif-
icant noise (at a roughly ±50 cm level) but nevertheless yield valu-
able information about near-field deformation and shallow fault 
slip. Along the Itozawa rupture in the Fukushima–Hamadori earth-
quake, our ICP results imply that fault slip varies smoothly be-
low shallow depths of a few tens of meters. Field observations of 
meter-scale fluctuations in fault offset over short (<1 km) strike 
distances are therefore likely to reflect a redistribution of primary 
fault slip onto subsidiary structures or into folding close to the 
surface. Field observations and lidar differencing results are in-
sufficient to conduct such a test for the Iwate–Miyagi earthquake, 
though the coherency of lidar differencing results in the area ex-
amined again suggests that fault slip also varies smoothly below 
any shallow subsurface complexity. Together, these results demon-
strate the potential for differencing of lidar-derived terrain models 
to enhance understanding of fault slip, especially in the near field 
and in densely vegetated terrain where other remote-sensing tech-
niques struggle to recover displacement.
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