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Estimation of the degree of local seismic wave ampliﬁcation (site eﬀects) requires precise information about the local site conditions. In many regions of the world, local geologic information is either
sparse or is not readily available. Because of this, seismic hazard maps for countries such as Mozambique, Pakistan and Turkey are developed without consideration of site factors and, therefore, do
not provide a complete assessment of future hazards. Where local geologic information is available,
details on the traditional maps often lack the precision (better than 1:10,000 scale) or the level
of information required for modern seismic microzonation requirements. We use high-resolution
(1:50,000) satellite imagery and newly developed image analysis methods to begin addressing this
problem. Our imagery, consisting of optical data and digital elevation models (DEMs), is recorded
from the ASTER (Advanced Spaceborne Thermal Emission and Reﬂection Radiometer) sensor system. We apply a semi-automated, object-oriented, multi-resolution feature segmentation method
to identify and extract local terrain features. Then we classify the terrain types into mountain,
piedmont and basin units using geomorphometry (topographic slope) as our parameter. Next, on
the basis of the site classiﬁcation schemes from the Wills and Silva (1998) study and the Wills
et al (2000) and Wills and Clahan (2006) maps of California, we assign the local terrain units with
Vs 30 (the average seismic shear-wave velocity through the upper 30 m of the subsurface) ranges
for selected regions in Mozambique, Pakistan and Turkey. We ﬁnd that the applicability of our
site class assignments in each region is a good ﬁrst-approximation for quantifying local site conditions and that additional work, such as the veriﬁcation of the terrain’s compositional rigidity, is
needed.

1. Introduction
Detailed information for mitigating seismic hazards
is not readily available for all tectonically active
regions of the world. As an example, geotechnical site characterizations are often imprecise, if
available at all. There are many reasons for this
deﬁciency. Although the mapping of tectonic terrain by local and international experts is relatively inexpensive, the resultant map information

is often not accessible due to geopolitical sensitivity. When map data are obtainable, it has been
frequently observed to be too coarse, inconsistent
or thematically unsuitable for detailed microzonation (Park and Elrick 1998; Wills and Clahan
2006; Yong et al 2006a). Precise geophysical data,
such as in situ shear-wave velocity measurements,
are often too expensive or prohibitive due to the
use of invasive techniques, such as drilling and
active sources. In economically thriving countries,
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Table 1. Characteristics of the three ASTER sensor subsystems (Abrams et al 2002).
Subsystem

VNIR

SWIR

Figure 1.
Regional map showing the locations
(stars) of the 1999 M 7.4 Izmit–Turkey, 2005 M 7.6
Muzaﬀarabad–Pakistan, and 2006 M 7.0 Beira–Mozambique earthquakes and the locations (green rhombi) of our
study areas.

such as the United States, Japan, and Taiwan,
eﬀorts to investigate and quantify seismic hazards dwarf the eﬀorts in less prosperous countries that often have comparable, if not higher,
exposures to the same devastating eﬀects from
strong ground motions. Although the 2006 M 7.0
Beira–Mozambique earthquake was not as damaging as the 1999 M 7.4 Izmit–Turkey, and 2005
M 7.6 Muzaﬀarabad–Pakistan earthquakes (ﬁgure 1), enormous damage and loss-of-life in these
latter regions underscored the need for a costeﬀective and simple approach to mitigate seismic
hazards in all economically and technologically
poor regions.
To provide a ﬁrst-approximation of local geotechnical site conditions, we develop an approach
to characterize potential ground motions on the
basis of known correlations between variations in
shear-wave velocity and topographically distinctive landforms (Bard and Bouchon 1980; Bard and
Tucker 1985; Bard and Gabriel 1986; SánchezSesma and Campillo 1993; Wills et al 2007; Yong
et al 2008). The need for consistent and objective
map information is fulﬁlled by satellite-based digital elevation models (DEMs) with global coverage
such as those captured by the Advanced Spaceborne Thermal Emission and Reﬂection Radiometer (ASTER)(Hirano et al 2003). For correlating
shear-wave velocity to the DEM, we apply semiautomated imaging analysis methods based only on
geomorphometry (Yong et al 2005, 2006c, 2008).
Using tectonically active regions as our study
areas and no a priori information about local
site conditions, we develop methods using

TIR

Band
no.

Spectral range
(µm)

1
2
3N
3B

0.52–0.60
0.63–0.69
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4
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6
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8
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8.123–8.475
8.475–8.825
8.925–9.275
10.25–10.95
10.95–11.65

Spatial
resolution (m)

15

30

90

geomorphometry and digital imaging analysis on
ASTER DEMs for selected regions in Turkey,
Pakistan and Mozambique. These areas have
geomorphologically distinctive terrains that set
each depositional environment apart. Our results,
based on the classiﬁcation of terrain units in
our Pakistan study area (Yong et al 2008),
are surprisingly good for a ﬁrst-approximation
of local site eﬀects. The results for our study
areas in Mozambique and Turkey are good ﬁrstapproximations, but further work is required to
verify the inferred, rigidity and shear-wave velocities of the terrain units.
2. Data
ASTER is the ‘zoom lens’ instrument onboard
the National Aeronautics and Space Administration (NASA) satellite Terra. Launched in 1999
and currently in service, Terra’s payload includes
four other Earth Observation System (EOS)
instruments that observe and record local- and
regional-scale processes occurring on the Earth’s
land surface and in the biosphere, atmosphere and
oceans (Yamaguchi et al 1998; Abrams 2000).
ASTER was speciﬁcally designed to conduct geological investigations (Abrams and Hook 1995).
Terra’s sun-synchronous orbit is at an altitude of
705 km and it returns to view the same location
every 16 days. Four optical telescopes collect
spectra in three separate recording subsystems
(Abrams et al 2002) at spatial resolutions from
15–90 m with spectral wavelength ranges from
0.52–11.65 µm (table 1). The visible near-infrared
(VNIR) system records four discrete bandpasses
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Figure 2. Geometry of the along-track recording mode for
the ASTER VNIR nadir (3N) and backward-viewing sensors
(Kääb 2002).

(channels 1, 2, 3N, and 3B) that are collected from
two separate telescopes: a nadir-viewing telescope
that records channels 1, 2, and 3N; and a backwardviewing telescope that records channel 3B. Both
telescopes can be rotated (+/− 24◦ ) as a unit
and have spatial resolutions of 15 m. The shortwave infrared (SWIR) system records six discrete
bandpasses (channels 4–9) that are collected from
a ﬁxed viewing telescope that uses an adjustable
(+/− 8.54◦ from nadir) scanning mirror for rotation and has a spatial resolution of 30 m. Also using
an adjustable scanning mirror with the same rotational range, the thermal infrared (TIR) channel
system records ﬁve discrete bands (channels 10–14)
and has a spatial resolution of 90 m.
ASTER imagery of the study areas in the
Mozambique, Pakistan and Turkey regions (ﬁgure 1) were acquired from the EOS Data Gateway
(EDG). The imagery consists of two types of data:
the ﬁrst type is the ASTER Level-1B (AST− L1B)
product consisting of 14 discrete spectral bands
ranging from the VNIR-TIR (0.52–11.65 µm)
region (table 1); and the second type is the ASTER
Level-3 (AST14DEM) single-band product consisting of a digital elevation model (DEMs) (table 1).
Using photogrammetric principles, the ASTER
DEM is generated from the stereocorrelation
(Hirano et al 2003) of spectral bands (VNIR
region) recorded by the nadir-viewing (3N) and
backward-viewing (3B) sensors (ﬁgure 2). At an
altitude of 705 km, the ASTER input spatial resolution is 15 m, but the output resolution in
the DEMs is a reduced 30 m posting of 3-D
coordinates. The stereo-pair has a base-to-height
ratio of 0.6 and an intersection angle of approximately 27.6◦ (ﬁgure 2), which is close to ideal
for a variety of terrain conditions (Hirano et al

Figure 3. Compilation map of the Mozambique study area.
The top image layer (intense color code) is the rDEM
(AST14DEM) and the bottom image layer (muted color) is
a VNIR composite (AST− L1B).

2003). As opposed to cross-track modes of data
acquisition, where the nadir and backward images
forming the stereo-pairs are acquired on diﬀerent
dates, the along-track mode of the ASTER system
produces an approximately one-minute lag time
between the acquisition of the stereo-pairs (ﬁgure 2) such that data are acquired in very similar
environmental conditions, resulting in very consistent image quality (Kääb et al 2002; Hirano et al
2003). Because the AST14DEM product is a relative digital elevation model (rDEM), no ground
control points (GCPs) are used to tie in correlated features on the surface; instead of GCPs, an
ephemeris onboard the satellite is used.
The study areas in each region are determined by
the nominal size of the AST14DEM data because
the coverage of the rDEM footprint is slightly
smaller than that of the AST− L1B scenes (ﬁgure 3). This is a result of overlapping ASTER 3N
and 3B imagery during stereo-pairing to create the
3-D coordinates. Thus, the extent of our study area
is slightly less than 60 × 60 km.
3. Approach
3.1 Geomorphometry
To automatically identify the landform types that
aﬀect site conditions, we ﬁrst group these relief elements into terrain features. Terrain features can
be described and categorized into simple topographic relief elements or units by parameterizing DEMs (Bolongaro–Crevenna et al 2005).
Here, parameterization is made possible because by
applying geomorphometry (quantitative description of landforms) on DEMs, we can use semantic
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modeling (Dehn et al 1999) to represent landforms. For example, on the basis of the Hammond
(1964) landform classiﬁcation scheme, Dikau et al
(1991) were able to automatically classify landform units in New Mexico using 96 diﬀerent subclasses and a 200 m window on DEM coverage.
In addition, Yong et al (2008) have proposed
that using geomorphometric parameters (slope,
aspect, azimuth, concavity/convexity, etc.) to classify elemental terrain features into units (mountains, piedmonts, and basins) where such features
are already known makes it possible to reapply
the same parameters to other regions where similar
geomorphology exists. Geomorphometry also oﬀers
a variety of additional approaches for deﬁning terrain units, such as the classiﬁcation of terrain
feature parameters, ﬁltering techniques, cluster
analysis, and multivariate statistics (Pike 2002;
Bolongaro–Crevenna et al 2005).
For this study, we apply elements of the method
described in Yong et al (2008) to characterize terrain features. On the basis of these characterizations, seismic site conditions are then assigned as
a ﬁrst-approximation approach. In most cases, the
terrain’s topographic relief is an adequate proxy
to infer compositional rigidity of the site (Yong
et al 2008). Relatively steep terrains are typically
composed of older and well-consolidated materials. In contrast, relatively ﬂat terrains are commonly younger and formed with less-consolidated
materials (Yong et al 2008). But in complex cases
where tectonics are co-mingled with unexpected
geomorphology (see discussion for examples), site
geology must be considered because the local
topography may no longer reﬂect the expected
compositional rigidity. Although this additional
approach is beyond the scope of this study, the veriﬁcation of compositional rigidity can be performed
through the identiﬁcation of lithology by applying
pixel-based spectral analysis methods described by
Yong et al (2008).
3.2 Semi-automated imaging
analysis approach
We apply an object-oriented multi-resolution segmentation algorithm (Deﬁniens 2006) to systematically partition and identify the terrain classes in
each rDEM. The object-oriented paradigm is used
to segment the ASTER rDEM because traditional
per-pixel-based approaches tend to diﬀuse coherent
features and tend to produce a salt-and-pepper
eﬀect in the resultant image (ﬁgure 4).
The object-oriented approach treats groups of
pixels as object primitives. This is because, for high
(30-m) spatial resolution data such as the ASTER
rDEM, meso-scale terrain units are invariably represented by multiple contiguous pixels that are

Figure 4. Diﬀused salt-and-pepper eﬀect in the Vs 30 classiﬁcation map of the Islamabad study are based on ASTER
rDEM (Yong et al 2006b).

Figure 5. Diagram showing the hierarchical levels of object
primitives (Deﬁniens 2006; Yong et al 2008).

clustered collectively in a shape of ﬁnite spatial
extent. To eﬀectively segment image objects represented by groups of pixels in the image space or
domain, shape, texture, color, context, and other
morphological characteristics must ﬁrst be considered (Navulur 2006). Then, through iterations,
a multi-resolution segmentation algorithm reﬁnes
the distinctive features of each terrain unit (mountain, piedmont and basin). The reﬁnement process
is performed at multiple levels and is based on
the hierarchical relationship between each object
primitive (ﬁgure 5). Once the image objects in
the image space are analyzed, parameterized,
extracted and segmented, the feature objects (terrain types) are ready for classiﬁcation into the
appropriate terrain unit.
4. Methods and results
To demonstrate how we extract mountain, piedmont, and basin units from the AST14DEM of
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used. For simpliﬁcation, we use the ASTER rDEM
product (AST14DEM).
Next, the rDEM is ﬁltered to exclude pixels in
the data that are not related to the scene, such
as the black color pixels of the image frame (ﬁgure 3). The minimum pixel value in each rDEM
is −9999. Pixels with −9999 values are commonly
used to represent no data and are masked out prior
to any imaging analysis work.
Then, the layer stacking of Bands (layers) 1, 2,
and 3N are performed to generate the VNIR composite scenes (ﬁgure 7). The creation of the composites is intended for use as a visual guide to
assist in the parameterization phases during the
iterations of segmentation and classiﬁcation work
that follow for each study area. No other information about the character of the local terrains was
used.
4.2 Object-oriented multi-resolution
segmentation

Figure 6. Work ﬂow diagram for generating preliminary
site characterization map.

Mozambique, Pakistan and Turkey, we use the
rDEM (ﬁgure 3) of Mozambique to illustrate our
approach. Yong et al (2008) applied a similar
approach, but they used both rDEM and TIR
spectral signatures for identifying rock types in
Pakistan. Here, we only apply the geomorphometric parameters and the object-oriented imaging
analysis methods (ﬁgure 6) developed by Yong et al
(2008) to the rDEMs for each study area. The
results for each study area (Mozambique, Pakistan
and Turkey) are shown in ﬁgures 13, 14 and 15
(respectively).
4.1 Preprocessing data
First, the AST− L1B data are deconvolved into
14 discrete bands as 15 separate layers. The
nadir- (3N) and backward-viewing (3B) bands are
counted as one band because they both collect
spectra in the same range, 0.78–0.86 µm, but have
diﬀerent viewing angles and so are automatically
deconvolved into separate layers (table 1). It is
possible to stereographically pair the 3N and 3B
images to generate our own rDEM, but to do so,
atmospheric corrections, GCPs and other information, such as the satellite’s ephemeris, must be

We use Deﬁniens Professional 5.0 (eCognition)
software to segment groups of contiguous pixels,
the so-called image objects. The eCognition
algorithms take into account important contextual information such as the allowable degree
of heterogeneity; the importance of color; the
importance of shape; the importance of compactness; and the importance of smoothness
(Deﬁniens 2006). On the basis of these parameters, hierarchical levels of object primitives are
created (ﬁgure 5) (Deﬁniens 2006). Starting with
the pair-wise clustering of pixels (ﬁgure 5A) and
followed by a bottom-up region-merging technique
(ﬁgure 5B–D), the segmentation process takes into
consideration semantic relationships between its
neighbor-objects (ﬁgure 5C), its sub-objects (ﬁgure 5B), and its super-objects (ﬁgure 5D), creating
contextual information (based on parent-child relations) on multiple scales (Deﬁniens 2006).
Four object primitive levels of segmentation were
found to be necessary. To determine the four eﬀective sets of contextual parameters that produced
the fourth and ﬁnal object primitive level, multiple
iterations of manual selection and deletion, prior
to establishing the parameters, were required. The
contextual parameters deﬁned for all the object
primitive levels are given in table 2.
Using the Mozambique study area to illustrate
our approach, the ﬁrst object primitive level (ﬁgure 8) produces a very dense scene ﬁlled with small
object primitives that outlined the steep relief
terrains (dark areas) that dominate the northern
two-thirds of the study area. The second object
primitive level (ﬁgure 9) is derived from the ﬁrst
(previous) object primitive level with modiﬁed
parameters as given in table 2. The second object
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distinguishable terrain features. The steep relief
terrains, trending northwest, near the northeast
quadrant of the study area, implied in the ﬁrst
object primitive level have now taken form (ﬁgure 10). In the fourth and ﬁnal object primitive
level (ﬁgure 11) the object primitives are based
on the third (previous) object primitive level (ﬁgure 10) and the modiﬁed parameters given in
table 2. Here, on the basis of visual comparisons
with the VNIR composite (ﬁgure 3), the mountain,
piedmont and basin units, represented by the ﬁnal
object primitives, have now taken what we regard
as acceptable form (ﬁgure 11).
4.3 Classiﬁcation
We use the Nearest Neighbor (NN) classiﬁer to
categorize the ﬁnal object primitives into classes
on the basis of the pre-deﬁned sample object primitives. The NN classiﬁer is a commonly used classiﬁcation method developed by Clark and Evans
(1954).
First, we use the NN classiﬁer in our supervised
training approach to sample and class our terrain
units. On the basis of the sampled representative
values and a distance metric (neighborhood),
the pixels, or in this case, object primitives are
assigned to the associated class. The samples are
acquired through several iterations of manually
selecting the optimal object primitives in the
fourth and ﬁnal object primitive level (ﬁgure 11).
The optimal object primitives are deﬁned as the
best representation of the terrain units and are
based on the correlation of the mean relative elevation values for each terrain unit to the visually
interpretable terrain features in the VNIR composites. Next, on the basis of the selected samples and the average distance between the centers
of the object primitives, the NN classiﬁer assigns
the remaining object primitives into the deﬁned
classes. Then, we assign the shear-wave velocity
ranges to the three types of terrain units.
Figure 7. ASTER VNIR (AST− L1B) composites of study
areas in Mozambique (A), Pakistan (B) and Turkey (C).
Bands 3N, 2 and 1 are assigned to red (R), green (G) and
blue (B) colors, such that vegetation is reﬂecting the color
red.

primitive level scene maintains the outline of the
steep terrains as characterized by the dark features in the ﬁrst object primitive level. Other
steep terrains, previously not apparent, start to
take shape (ﬁgure 9). The third object primitive
level (ﬁgure 10) is based on the second (previous)
object primitive level (ﬁgure 9) and the modiﬁed
parameters given in table 2. This level reveals a
more coherent segmentation result, in terms of

4.4 Assignment of shear-wave velocity ranges
Classiﬁcations of site conditions are commonly
made on the basis of Vs 30 values, the average seismic shear-wave velocity through the upper 30 m of
the subsurface (Borcherdt 1994; I.C.B.O. 1997). In
developing the California statewide site-conditions
map, Wills and Silva (1998), Wills et al (2000)
and Wills and Clahan (2006) used known Vs 30lithology correlations (Borcherdt 1970; Anderson
et al 1996; Boore and Joyner 1997) to characterize estimated shear-wave velocities in the near surface. On the basis of the Vs 30-lithology correlations
and that lithology typically controls the nature
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Table 2. Parameterization of the four object primitive levels (Yong et al 2008).
Object
primitive
level

Parameterization
Scale

Shape

Color

Compactness

Smoothness

1
2
3
4 (ﬁnal)

10
50
100
250

0.1
0.5
0.7
0.3

0.9
0.5
0.3
0.7

0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5

Figure 8. Composite of the ﬁrst object primitive level and
the relative DEM image (ﬁgure 3). The segmentation results
produced a very dense scene ﬁlled with small object primitives that outlined the steep relief terrains (dark areas).

of topography (thus, deﬁning physiographic landform types), we extend and generalize the results
of the preliminary site-conditions map (Wills and
Clahan 2006) to a Vs 30-terrain correlation. As a
ﬁrst-approximation approach, we apply the Vs 30terrain correlation and assume that our terrain
units have typical velocities for mountains (hard
rock), piedmonts (intermediate hard to soft rock)
and basins (soft rock).
In addition to applying typical velocities to each
terrain unit, we apply overlapping velocity ranges
to the three terrain units. For hard rock sites, we
assigned the predicted Vs 30 values to be greater
than 500 m/s, which is observed mostly in rocks,
such as granites, typical of mountain sites in southern California, as well as in the more consolidated
sedimentary rocks, such as carbonates (Wills and
Silva 1998). Because most mountain features are
composed of harder rock and have characteristically steep topographic proﬁle, we assign the
mountain units the high portion of the velocity
range. For the soft rock sites, generally correlated
to the relatively ﬂat relief of the terrain, the lowest
velocity values (< 300 m/s) are assigned. For the
intermediate terrain, we assign a Vs 30 range that

Figure 9. Composite of the second object primitive level
and the relative DEM image (ﬁgure 3). The segmentation
results maintain the outline of the steep terrains as characterized by the dark features in the ﬁrst object primitive
level. Other steep terrains, previously not apparent, are now
taking shape.

spans the diﬀerence between the end members of
the mountain and basin units and overlaps each
unit by 100 m/s. These intermediate, moderately
sloped piedmont units have Vs 30 values that range
from 200–600 m/s.
Although it is suﬃcient to assume that the velocity range in each unit typiﬁes the known correlations between Vs 30 and the terrain types, we
apply overlapping velocities to each unit’s range
to account for the variability of observed velocity (Wills and Clahan 2006) in the transition
zones (alluvial fans) located between the respective units. Furthermore, these overlapping ranges
address complexities (discussed in the next section)
associated with the continuity of landforms and the
variability of slope in each landform type.
4.5 Resultant Vs 30 maps
The geomorphology of the study areas in
Mozambique (ﬁgure 12A), Pakistan (ﬁgure 12B)
and Turkey (ﬁgure 12C) are very diﬀerent in nature
and the resultant Vs 30 maps (ﬁgures 13, 14 and
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Figure 10. Composite of the third object primitive level
and the relative DEM image (ﬁgure 3). The segmentation
results delineate the steep relief terrains, previously implied
in the ﬁrst object primitive level, have now taken form.

Figure 12. Northerly perspective views of study areas in
Mozambique (A), Pakistan (B) and Turkey (C). Each
model is based on their respective VNIR composites draped
on to the rDEMs.

Figure 11. Composite of the fourth and ﬁnal object
primitive level and the relative DEM image (ﬁgure 3). At
this segmentation stage, based on visual comparisons with
the relative DEM image, the mountain, piedmont and basin
units, represented by the ﬁnal object primitives, have now
ﬁnally taken acceptable form.

15, respectively) reﬂect this disparity. Below, we
describe selected features of the resultant Vs 30
maps and their relationship to the terrain features
in each geomorphologically distinct region.
Knobby plateaus, steep gorges and rugged
mountains are dominant landform types in our
Mozambique study area, near the Lago de Cabora
Bassa and Zambezi River (ﬁgure 12A). Albeit, in
relatively small numbers, topographically low-lying
basins are adjacent to the southern and southeastern portions of the Cabora Bassa shoreline and
the Serra Mepataluanda mountain range. A few
other low basin features intersperse the regions

Figure 13. Map of predicted Vs 30 for the Mozambique
study area.

north of Lago de Cabora Bassa and the Zambezi
River. Here, we add a pseudo terrain unit (without shear-wave velocity assignment) to account
for the body of water occupying Lago de Cabora
Bassa and the Zambezi River (ﬁgure 13). The
mountain units, assigned the highest Vs 30 range
(> 500 m/s), occupy the areas where we expect
to ﬁnd the region’s northwest trending mountains.
The piedmont units, assigned the intermediate
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Figure 14. Map of predicted Vs 30 (Yong et al 2008) for the
Pakistan study area with veriﬁcation of limestone geology
based on Williams et al (1999).

Figure 15.
area.

Map of predicted Vs 30 for the Turkey study

range of Vs 30 values (200–600 m/s), occupy most of
the plateau terrain in the study area as expected.
Also as expected, the basin units, assigned to the
lowest Vs 30 range (< 300 m/s), occupy the lowlying basins, adjacent to the southern and southeastern portions of the Cabora Bassa shoreline and
the Serra Mepataluanda mountain range.
The topographic variations in our study area
near Islamabad, Pakistan (ﬁgure 12B), consist of
steep mountains and gentle valleys, which contrast
the plateau and gorge features in our Mozambique
study area (ﬁgure 12A). The Margala Hills, a
northeast-trending mountain range, dominate the
topographic expression of the Pakistan study area.
Similarly trending linear ridges occupy the southwestern part of the study area. At the foot of
the Margala Hills mountain range, an intermediate

(piedmont) terrain feature extends from the mountain front until it transitions into the Soan River
Valley basin. Here, the capital city of Islamabad
and the old city of Rawalpindi occupy this piedmont bench (Williams et al 1999). The remaining major basin in the study area is the Peshawar
basin, just northwest of Islamabad. The mountain
and basin units are clearly identiﬁed and correlate well (ﬁgure 14) to the results of recent studies
(Williams et al 1999; Nawaz et al 2004; Munir and
Butt 2007). In contrast, on the basis of the study
by Williams et al (1999), the piedmont units are
not as well correlated to their expected locations.
A discussion about the factors potentially contributing to the misclassiﬁcation of the piedmont
terrain features can be found at the end of this
section. The mountain units, with the highest Vs 30
range, are assigned to the limestone Margala Hills
and the northeast-trending linear ridges (Williams
et al 1999; Nawaz et al 2004; Munir and Butt 2007;
Yong et al 2008). The piedmont units, assigned to
the intermediate and largest Vs 30 range, occupy
the Peshawar basin and Soan River Valley basin.
The basin units appear to occupy their expected
locations (Williams et al 1999) in the Peshawar
and Soan River Valley basins. These units are
assigned to the lowest Vs 30 range (< 300 m/s).
The steep ridge and valley landform features in
our Turkey study area (ﬁgure 12C), north of the
capital of Ankara, near the city of Cubuk, also contrast the features of our study areas in Pakistan
and Mozambique. Other than the basins occupied
by the cities of Cubuk and Akyurt, the region
is dominated by multiple mountain ranges. The
mountain units, near the Mir Dagi mountain range,
dominate the northwestern portion of the Vs 30 map
and are assigned shear-wave velocities greater than
500 m/s (ﬁgure 15). Other mountain units, in the
southeastern and northeastern parts of the study
area, near the Eldivan Dagi and the Idris Dagi
mountain ranges (respectively), are assigned Vs 30
values greater than 500 m/s. Cubuk and Akyurt
are assigned to the basin unit as expected and
have Vs 30 values less than 300 m/s because these
cities occupy the low-lying basins in the study area.
The piedmont units are assigned with Vs 30 values between 200 and 600 m/s. Without additional
information, such as surface geology, the quality
of the shear-wave velocity assignment to the piedmont unit cannot be determined with certainty.
The geomorphology of the study areas in
Mozambique, Pakistan and Turkey are very diﬀerent in nature. These diﬀerences can be problematic
when using generalized parameters to account for
the regional variations in topographic trends. For
example, the parameters set for the intermediate
piedmont terrain unit in one region might not
properly identify the geomorphic expression of

Alan Yong et al
a similar unit in another region: Williams et al
(1999) indicated that Islamabad and Rawalpindi
are on a piedmont bench at the foot of the Margala
Hills mountain range, but the resultant Vs 30 map
(ﬁgure 14) did not identify the intermediate unit
in its expected location. The contrast in the results
for the extraction of the mountain and basin
units, in comparison to the piedmont unit, may
be attributable to the lack of a standard deﬁnition for determining the boundary conditions at
the termini of each terrain unit. On the basis of
our assignment scheme, our semi-automated imaging analysis approach, based on geomorphometry
and terrain units, appears to provide a good ﬁrstapproximation of seismic site conditions.
5. Discussions and conclusions
Our motivation for developing an approach using a
semi-automated imaging analysis method on satellite data is to objectively and systematically characterize geotechnical site conditions in tectonically
active regions of the world. Traditional mapping
methods have been found to be unsuitable for the
level of details (better than 1:10,000 scale) required
in modern seismic microzonation purposes because
they are either too inconsistent (Yong et al 2006b),
too coarse (Park and Elrick 1998) or thematically
inappropriate (Wills and Clahan 2006). Traditional
geophysical site characterization approaches are
often prohibitive because they are environmentally
invasive, too costly, and/or the sites of interest
are inaccessible. To meet the need for more precise geotechnical site information, we use highresolution (1:50,000 scale) satellite data to begin
addressing the issues found in traditional mapping
techniques. Other studies, such as Romero and
Rix (2001) and Wald and Allen (2007), have been
reported on the use of satellite data to account for
site eﬀects.
Our approach has both advantages and disadvantages when compared to these studies. By
using the combination of high spatial (15 m postings) and multi-spectral data, our approach takes
advantage of terrain topography (rDEM) and composition information (VNIR imagery) at a map
scale that is comparable to the 1:50,000 level of precision for mapping purposes (Hirano et al 2003).
In contrast, Romero and Rix (2001) used Landsat
7 ETM+ (Enhanced Thematic Mapper Plus) satellite data with lower spatial (30 m postings) resolutions for characterizing age deposits to predict
site response in the Mississippi embayment. Their
pixel resolution was at the 1:100,000 scale, which
can resolve only half of the details in an ASTER
image. An additional advantage to our approach is
that our methods are extensible, in that, these can

be applied to higher resolution data from satellites,
such as Quickbird, IKONOS and Cartosat-2. Furthermore, the data acquired by the Landsat mission have recently discovered to be plagued with
data gaps. These artifacts are currently being
ﬁlled by applying interpolation methods (Kurtz
et al 2006). In another study, Wald and Allen
(2007) used DEMs from the Shuttle Radar Terrain
Mission (SRTM) project to predict site response
based on their correlation of topographic slope
to observed shear-wave velocity measurements.
The DEMs used were at 30-arc-second resolution
(∼ 900 m pixel resolution) and were generated
using Synthetic Aperture Radar (SAR) technology.
When compared to the Romero and Rix (2001)
study and our study, the eﬀective resolution of the
DEM used by Wald and Allen (2007) is thirty times
coarser and is less suitable for microzonation purposes (Tinsley et al 2004). For regions with very
steep topographical slopes that are facing away
from the radar during the SRTM mission, and for
regions with smooth areas, such as water or sand,
the SAR technique cannot accurately measure the
terrain properly (Farr et al 2007). Also, SRTM
DEMs do not have global coverage, so the data
contain no information for latitudes north of 60◦ N,
which coincide with the seismically active regions
of Alaska, and south of 59◦ S.
A disadvantage of using our approach is that
it is more computationally intensive than a simple slope analysis. Although coarse and imprecise, the Wald and Allen (2007) approach is faster
and more appropriate for input into an earthquake response product, such as ShakeMap (Wald
et al 2003). Despite diﬀerences in spatial resolution, both Wald and Allen (2007) and this study
share a common disadvantage: variations in topographic slope do not always directly relate to the
compositional rigidity of the terrain. For example,
certain exceptional terrains, such as the ﬂat Modoc
Plateau and steep Mendocino Hills in California,
have compositional rigidity that are not expected
as a result of their topographic expressions.
Finally, while our maps (ﬁgures 13, 14, and
15) provide a basis for estimating site response
in the Mozambique, Pakistan and Turkey regions,
any site characterization map needs to be compared and validated with ground-motion recordings. Recorded ground motions from the 1999
M 7.4 Izmit, 2005 M 7.6 Muzaﬀarabad, and 2006
M 7.0 Beira earthquakes would provide independent estimation of ampliﬁcation factors. These
data have not yet been made available to the international community. In the absence of instrumentally recorded ground motions, a detailed intensity
survey of shaking in the regions during these
earthquakes would also provide a useful basis for
comparison.
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