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On the Use of High-Resolution Topographic Data as a Proxy

for Seismic Site Conditions (VS30)

by Trevor I. Allen* and David J. Wald

Abstract An alternative method has recently been proposed for evaluating glo-
bal seismic site conditions, or the average shear velocity to 30 m depth (VS30), from
the Shuttle Radar Topography Mission (SRTM) 30 arcsec digital elevation models
(DEMs). The basic premise of the method is that the topographic slope can be used
as a reliable proxy for VS30 in the absence of geologically and geotechnically based
site-condition maps through correlations between VS30 measurements and topo-
graphic gradient. Here we evaluate the use of higher-resolution (3 and 9 arcsec) DEMs
to examine whether we are able to resolve VS30 in more detail than can be achieved
using the lower-resolution SRTM data. High-quality DEMs at resolutions greater than
30 arcsec are not uniformly available at the global scale. However, in many regions
where such data exist, they may be employed to resolve finer-scale variations in to-
pographic gradient, and consequently, VS30. We use the U.S. Geological Survey Earth
Resources Observation and Science (EROS) Data Center’s National Elevation Data-
set (NED) to investigate the use of high-resolution DEMs for estimating VS30 in several
regions across the United States, including the San Francisco Bay area in Califor-
nia, Los Angeles, California, and St. Louis, Missouri. We compare these results with
an example from Taipei, Taiwan, that uses 9 arcsec SRTM data, which are globally
available.

The use of higher-resolution NED data recovers finer-scale variations in topo-
graphic gradient, which better correlate to geological and geomorphic features, in par-
ticular, at the transition between hills and basins, warranting their use over 30 arcsec
SRTM data where available. However, statistical analyses indicate little to no improve-
ment over lower-resolution topography when compared to VS30 measurements, sug-
gesting that some topographic smoothing may provide more stable VS30 estimates.
Furthermore, we find that elevation variability in canopy-based SRTM measurements
at resolutions greater than 30 arcsec are too large to resolve reliable slopes, particularly
in low-gradient sedimentary basins.

Introduction

For real-time earthquake alert systems, such as the
Prompt Assessment of Global Earthquakes for Response
(PAGER; Earle et al., 2008; Wald et al., 2008), we seek to
rapidly evaluate potential ground shaking in the source re-
gion and subsequently provide an estimate of the population
exposure to potentially fatal levels of shaking in any region
of the world. Consequently, knowledge of local seismic site
conditions is an important factor in estimating ground-
motion amplification potential. Wald and Allen (2007) pre-

sented a method for mapping uniform global seismic site
conditions, or the average shear velocity to 30 m depth
(VS30), from the Shuttle Radar Topography Mission (SRTM)
30 arcsec (approximately 1 km resolution at the equator) dig-
ital elevation model (Farr and Kobrick, 2000). This method
correlates VS30 measurements with the topographic gradient
on which they were measured to provide two sets of coeffi-
cients that can be used as predictors of VS30: one for active
tectonic regions where the topographic relief is youthful and
dynamic and another for stable continental regions where
the topography is generally more subdued. The basic prem-
ise of Wald and Allen’s (2007) technique is that the topo-
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graphic slope can be used as a reliable predictor of VS30

in the absence of geologically and geotechnically based
site-condition maps. Other geoscience disciplines have used
similar topography-based techniques to generate surrogate
datasets, such as methods to delineate hydrologic units in
depositional terrains (e.g., Gallant and Dowling, 2003).

Estimates of VS30 from the topographic gradient com-
pare favorably with site-condition maps based on geology
and other geomorphic and geotechnical indicators (Allen
and Wald, 2007; Wald and Allen, 2007; Michelini et al.,
2008). To date, this method and variations of it have been
adopted in several regional earthquake hazard assessments
and for near real-time estimates of ground shaking (e.g.,
ShakeMap, Wald et al., 1999), where little is known about
the surficial geology and its potential effects on ground-
motion amplification (e.g., Bungum et al., 2007; Harmandar
et al., 2007; Ionescu et al., 2007). In addition, new site-
condition maps developed for California now employ a
hybrid approach to site-condition mapping by combining
geological and geotechnical information with topographic
gradient as predictors of VS30 (Wills and Gutierrez, 2008).
The U.S. Geological Survey (USGS) Global VS30 Server
(http://earthquake.usgs.gov/vs30/) based on Wald and Al-
len’s (2007) method is also a well-used service and can de-
liver a VS30 grid of any user-specified region. However, this
service is currently limited by the resolution of the input
digital elevation model (DEM).

Herein, we examine whether the use of high-resolution
DEMs can be used to recover improved estimates of VS30

beyond that which can be delivered using the original cor-
relations of Wald and Allen (2007). We also examine the dif-
ferences between the SRTM data and the EROS Data Center’s
National Elevation Dataset (NED) for this application.

National and Global Elevation Datasets

The National Map Seamless Server provided by the
USGS EROS Data Center (http://seamless.usgs.gov/) allows
the download of high-resolution NED digital elevation mod-
els for the United States, in addition to the global SRTM
dataset (USGS, 2008). NED is designed to provide national
elevation data in a seamless form with a consistent datum,
elevation unit, and projection, and it uses various data cor-
rections that minimize artifacts (Gesch et al., 2002). Eleva-
tion values for NED are derived from topographic maps and
aerial photographs compiled between 1925 and 1999. NED
represents the best available DEM for the United States.
However, maps used in NED were drawn by a number of
photogrammetrists using aerial photography in a variety of
scales over several decades. If vegetation obscured their
view of the ground, these highly skilled experts mapped the
ground surface as well as they could (J. Godt, written comm.,
2008). Because the surface elevations can be ambiguous
from aerial photography, minor topographic undulations
were often smoothed. The digital NED has a resolution of
1 arcsec (approximately 30 m) for the conterminous United

States, Hawaii, Puerto Rico, and the island territories, and
2 arcsec for Alaska (USGS, 2008).

The SRTM data were gathered in February 2000 by the
Space Shuttle Endeavor using an Interferometric Synthetic
Aperture Radar (InSAR) instrument (Farr and Kobrick,
2000). The 11 day mission mapped approximately 80% of
the global landmass using C-band (! ! 5:6 cm) and X-band
(! ! 3:0 cm) wavelengths. SRTM specifications have an ab-
solute vertical accuracy of 16 m, a relative vertical accuracy
of 10 m, and an absolute horizontal accuracy of 20 m (Bal-
mer, 1999). The C-band frequencies do not penetrate vegeta-
tion, so the canopy height is added to the ground elevation
(Falorni et al., 2005). Consequently, SRTM elevations gen-
erally reflect the height of the tallest feature on the ground,
natural or built. Because the data were gathered in 2000, they
are more current than NED. This, for example, is an advan-
tage over urban areas and mining or quarrying areas. SRTM
also has a resolution of 1 arcsec on a global scale. However,
the average elevation error in the SRTM dataset is generally
greater than that of NED, particularly at shorter scales (less
than !200 m; Smith and Sandwell, 2003).

The key difference between the two datasets is that NED
attempts to map the ground surface, whereas SRTM is canopy
based (USGS, 2008). Because we are concerned with surficial
effects from earthquakes and resolving the topographic gra-
dient of the near-surface geology, it follows that a bare-earth
elevation model will better suit our applications. However,
we investigate the use of both datasets in this study. Both the
NED and SRTM datasets are available for download from the
National Map Seamless Server in Environmental Systems
Research Institute (ESRI) ArcMap™ grid format.

In typical ShakeMap applications, we do not require
VS30 to be defined at resolutions as great as 30 m grid
spacing. Furthermore, the use of the highest resolution
1 arcsec data results in limitations in data handling and con-
version for regional site-condition mapping because of the
volume of data required. Consequently, we use the NED DEM
at a resolution of 3 arcsec (approximately 90 m) for the
San Francisco Bay area, Los Angeles (not shown here), and
St. Louis. The DEMs are exported from ArcMap to a text file
and are subsequently converted to a Generic Mapping Tools
(Wessel and Smith, 1991) grid file for further analyses. We
downsample each of the 3 arcsec (3c) grid files to a second
grid with a resolution of 9 arcsec (9c) over the same spa-
tial area.

Modification of Slope-VS30 Correlations

Initial testing in the San Francisco Bay area clearly in-
dicated that the current slope-VS30 correlations of Wald and
Allen (2007) do not hold for higher-resolution topography
data, particularly at steeper gradients. This is because the
higher-resolution data allow for consistently higher gradients
to be resolved because the lower sampling rates of the 30c
dataset inherently smooth maximum slope values returned
from topography. Consequently, consistently higher VS30 ve-
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locities are predicted using the high-resolution data in the
higher slope regions using the existing 30c slope-VS30 cor-
relations (Fig. 1).

Differences in the lower slope regions are less apparent
because these landscapes can be equally well-sampled using
the lower-resolution 30c dataset; thus, similar gradients are

recovered to the higher-resolution data. These are the regions
where it is most important to obtain reliable estimates of VS30

because the low velocities estimated from low gradients will
tend to amplify strong ground shaking more than regions of
higher gradients. Statistical analysis of the observed and pre-
dicted values for all of California clearly demonstrates that

Figure 1. (a) Elevation of the San Francisco Bay area, superimposed with shear velocity measurements (circles) color-coded by VS30.
(b) VS30 map based on the modified SRTM 30c slope-VS30 correlations of Wald and Allen (2007). VS30 map based on NED (c) 9c and (d) 3c.
Both 9c and 3c maps use the 30c SRTM slope-VS30 correlations. Note that the NED-based maps predict consistently higher velocities in the
regions of high relief using the 30c correlations. Hollow circles in latter maps indicate the locations of VS30 measurements indicated in (a).
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the higher-resolution datasets overestimate VS30 relative to
the 30c SRTM data. Comparing the distribution of the resid-
uals with the existing 30c correlations indicates that there is a
similar variance in the predicted values from both the 9c NED
and 30c SRTM maps (Fig. 2a,b). The 3c map results in a
wider distribution in the comparison of observed and pre-
dicted VS30 (Fig. 2c).

The slope-VS30 correlations were modified for the 9c
data (Table 1) using the methods described inWald and Allen
(2007). The residual VS30 estimates for the 3c and 9c NED
datasets using these new 9c correlations were subsequently
recalculated (Fig. 3). Note that the median residual value for
the 9c dataset is close to zero. However, the scatter in the
residuals does not significantly improve and is similar to that
calculated from the 30c SRTM data (Fig. 2a). The median
residual for the 3c dataset moves closer to zero, indicating a
slightly smaller misfit to the measured VS30 data. However,
the variance of the residuals does not noticeably improve.
From this result, we infer that the use of higher-resolution
DEMs may have diminishing returns in resolving VS30 es-
timates because the higher data sampling introduces more
variable gradients. Consequently, it may not be as good a
predictor of VS30 as the smoothed lower-resolution DEMs.
Conversely, one benefit of the higher-resolution data over
the 30c STRM data is that smaller geological features can
be resolved. For example, Coyote Hills in the southeast of
the San Francisco Bay area can be clearly identified in the
higher-resolution 9c DEM (Fig. 4), but is barely apparent in
the 30c dataset (Fig. 1b).

In attempting to resolve differences between the 9c and
30c correlations, we note that the original 30c active tectonic
correlations of Wald and Allen (2007) slightly overestimated
VS30 for sites measured on low gradients. This, in combina-
tion with a slight underestimation of VS30 on higher slopes,
resulted in an overall net residual of near zero in our original
study. This effect was not identified until measured VS30 data
in different velocity ranges were analyzed in more detail. The
overall difference between these correlations is minor and
should not significantly affect hazard calculations based on
the original 30c correlations (Wald and Allen, 2007). The
modified slope-VS30 correlations for 30c SRTM data are also
indicated in Table 1. Note that the 9c and modified 30c active
tectonic correlations are now almost identical for National
Earthquake Hazard Reduction Program (NEHRP) site classes
E and D (Building Seismic Safety Council, 2004).

We now compare the amplification potential across
the SRTM 30c and calibrated NED 9c maps. Amplification
for midperiods of ground motion is assigned to each grid
cell by applying the amplification factors of Borcherdt
(1994), assuming a uniform peak ground acceleration of
250 cm=sec2. Next, we take the ratio of the two maps to ex-
amine the relative difference in amplification (Fig. 5). We
clearly observe that the 9c topography data yield higher ve-
locities (and thus lower amplification) in the steeper regions
of the map. The other key difference is higher amplification
in the NED-based map at hill–basin transitions, such as along

9c log med = -0.03
log std = 0.14
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Figure 2. Histograms showing differences of measured Califor-
nian (both San Francisco Bay and Los Angeles regions) VS30 values
compared with (a) values derived from SRTM 30c elevation data,
(b) NED 9c data, and (c) NED 3c data. All comparisons use the mod-
ified 30c slope-VS30 correlations. Note that the 30c correlations tend
to overestimate VS30 for higher-resolution data. Median values near
zero indicate a good correlation between observed and predicted
values.
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the Hayward fault in the east bay region. This is because the
higher-resolution topography is able to resolve changes in
slope in greater detail; thus, it can better delineate these
boundaries.

Application in Stable Continental Settings

Based on the aforementioned observations for the San
Francisco Bay area, we compare the 30c SRTM topography
against the 9c NED for the stable continental setting of

Table 1
Correlations between Topographic Gradient and VS30 Using the NED 9c Digital Elevation Models for the National

Earthquake Hazard Reduction Program (NEHRP) Site Classes

NEHRP Site Class
VS30 Range
(m=sec)

9 arcsec Gradient Range (m=m)
(Active Tectonic)

9 arcsec Gradient Range (m=m)
(Stable Continent)

Modified 30 arsec Gradient Range (m=m)
(Active Tectonic)

E <180 <3 ! 10"4 <1 ! 10"4 <3 ! 10"4

D
180–240 3 ! 10"4–3:5 ! 10"3 1 ! 10"4–8:5 ! 10"3 3 ! 10"4–3:5 ! 10"3

240–300 3:5 ! 10"3–0:010 4:5 ! 10"3–8:5 ! 10"3 3:5 ! 10"3–0:010
300–360 0.010–0.024 8:5 ! 10"3–0:013 0.010–0.018

C
360–490 0.024–0.08 0.013–0.022 0.018–0.05
490–620 0.08–0.14 0.022–0.03 0.05–0.10
620–760 0.14–0.20 0.03–0.04 0.10–0.14

B >760 >0:20 >0:04 >0:14

New correlations are developed for active tectonic and stable continental regions. Also indicated are the modified
correlations to Wald and Allen’s (2007) original slope-VS30 correlations for the 30c SRTM data.
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Figure 3. Histograms showing differences of measured Cali-
fornian VS30 values compared with (a) values derived from NED
9c data and (b) NED 3c data. Comparisons use the new 9c
slope-VS30 correlations. The median and scatter of the 9c data
are now comparable with the 30c topographic data (Fig. 2a).
The misfit for the 3c data decreases but still indicates a larger
variance in the observed-to-predicted comparison.

Figure 4. NED 9c VS30 map using the new 9c slope-VS30 cor-
relations. Note that the new correlations predict lower VS30 values in
the hillier (high-velocity) regions than the map produced using the
30c correlations (Fig. 2c). Open circles represent localities of VS30
measurements (compare with Fig. 1a). As an example of the im-
proved resolution, the Coyote Hills outcrop is clearly observed in
this figure but is barely apparent in the SRTM 30c topography data
(Fig. 1b). See Figure 1 for a map legend.
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St. Louis, Missouri. Because Wald and Allen (2007) devel-
oped separate slope-VS30 correlations for stable continental
regions, it was necessary to also modify the original coeffi-
cients for the 9c DEM (Table 1). Using the NED-based map,
drainage features in the region become more defined than on
the SRTM-based map, as do the banks and terraces that bound
the Mississippi River (Fig. 6).

Shallow shear velocity measurements in St. Louis re-
cently gathered by Williams et al. (2007) were used to visu-
ally compare with our VS30 map. In general, the VS30 map
and the measurements compare well with each other. Some
differences are apparent on the east bank of the Mississippi
River where softer aeolian sediments predominate (R. Wil-
liams, personal comm., 2008).

Global Applications

We now focus on the use of the 9c SRTM data for higher-
resolution global estimates of VS30. The specific example we
focus on is for the city of Taipei, Taiwan, for which there are
abundant VS30 measurements (Chiou et al., 2008). We apply
the coefficients developed using the NED dataset in Cali-
fornia to the 9c SRTM DEM for the Taipei region (Fig. 7).
The most apparent observation from this dataset is that
low slopes are poorly resolved. This is largely because the
SRTM provides a canopy-based model of the Earth. These
measurements are more variable than the bare-earth mapping
methods of NED, particularly at low gradients. The same res-
olution SRTM dataset was tested for the San Francisco Bay
area (not shown here) and indicated similar artifacts at low
gradients. It is likely that these artifacts in the SRTM not only
reflect vegetation, but also the canopy of the built environ-
ment. Consequently, we consider SRTM as a relatively poor
predictor of VS30 at high resolutions. However, we still con-
sider the down-sampled global SRTM 30c elevation dataset to
be a reliable predictor of VS30 (Wald and Allen, 2007) be-
cause the small-scale variations in elevation that are abundant
in the high-resolution data are smoothed. Consequently, the
30c maps are less sensitive to minor perturbations in gradient
that are abundant in the higher-resolution SRTM data.

Discussion

In general, we observe that the use of higher-resolution
topographic data has potential for providing improved esti-
mates of seismic site conditions (VS30) in regions with youth-
ful and dynamic topographic landscapes where significant
contrasts in topographic gradient exist (e.g., transitions be-
tween steep hill slopes and flat basins). There is also im-
proved delineation of geologic and geomorphic features
(e.g., drainage systems, rock outcrops, etc.), which may
be representative of changes in VS30. However, the use of
higher-resolution data appears to provide little to no im-
provement in the median residuals of observed to predicted
VS30. Furthermore, there are diminishing returns in using res-
olutions finer than 9 arcsec because they tend to introduce
more variability in slope calculations and thus reduce confi-
dence in the correlation with the measured VS30 data (see
Figs. 2c and 3b). In addition, the lower-resolution 30c data
provide comparable estimates of VS30 to the 9c data.

The use of higher-resolution topography data can re-
solve smaller differences in gradient at higher slopes and
is consequently better as a predictive tool in these areas. Con-
versely, it is less important to obtain accurate estimates of
VS30 in these areas because high-relief (or faster VS30) re-
gions are less likely to amplify ground shaking. In this study,
we do not consider topographic effects, which have been ob-
served to focus and amplify ground motions on steeper hill
slopes in some instances (e.g., Dowrick, 1998). Differences
between high and low resolution DEMs in the low-gradient
regions, where resolving VS30 is likely to be more important,

Figure 5. The ratio of the predicted amplification for a uniform
PGA of 250 cm=sec2 assuming the Borcherdt (1994) amplification
factors for the 30c SRTM and 9c NED VS30 maps. Blue regions
indicate where the 30c SRTM-based map predicts higher amplifica-
tion, red regions indicate where higher amplifications are predicted
from the 9c NED-based map, and white regions indicate where the
two VS30 maps predict similar amplifications. Regions of similar
amplification are most commonly areas of low gradient. Overall, the
9c VS30 map consistently predicts lower amplifications in the higher
relief regions that bound the San Francisco Bay area. The 9c map
also indicates improved delineation of hill–basin transitions, which
are indicated by the northwest–southeast trending lineations of in-
creased amplification potential. The example along the Hayward
fault is indicated.
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are not as obvious because the wavelength of the landscape
is adequately sampled by each of the elevation models.
Moreover, the inherent smoothing that occurs in the lower-
resolution topographic data may actually provide more stable
estimates of VS30, removing minor perturbations in the gra-
dient that may not necessarily represent real changes in the
physical properties of the surficial geology.

The VS30 measurements against which we are calibrat-
ing are collected using numerous techniques for a variety of
geotechnical purposes and thus may not be internally con-
sistent. Consequently, these data may have significant uncer-
tainties and should not be overinterpreted when correlating
against high-resolution topographic data. Finally, the use of
high-resolution topography data across large spatial extents
may result in slower computation time for real-time earth-
quake alert systems owing to the volume of data being
processed. For Global ShakeMap and PAGER applications,

obtaining timely estimates of earthquake shaking and its
potential impact are important, and the use of these high-
resolution data may delay the delivery of earthquake alerts.

VS30 is not the only factor controlling ground-motion
amplification. In addition to the previously noted topo-
graphic effects, the effects of deep sedimentary basins can
also greatly modify the level of ground shaking observed
at sites located within them and thus should be considered in
combination with shallow seismic site conditions. At pres-
ent, a method that can automatically delineate sedimentary
basins from topographic data alone has not been developed.
However, it should be possible to fit simple geometric shapes
(e.g., ellipses) at the transition of hills and basins by using the
average slope of the hills surrounding the basin as a crude
predictor of three-dimensional basin geometry. It is likely
that this approach will only be valid in regions where large
contrasts in hill and basin slopes exist. We are also investi-

Figure 6. (a) Elevation of the St. Louis, Missouri, area superimposed with shear velocity measurements of Williams et al. (2007) color-
coded by VS30. (b) VS30 map based on the SRTM 30c stable continent slope-VS30 correlations. (c) VS30 map based on NED 9c using the new 9c
NED slope-VS30 correlations for stable continental regions. Hollow circles in maps (b) and (c) indicate the locations of VS30 measurements
indicated in (a). In the NED-based map, drainage features in the region become more defined than on the SRTM-based map, as do the steep
bluffs that bound the Mississippi River flood plain. (d) The ratio of the predicted amplification for the 30c SRTM and 9c NED VS30 maps tends
to highlight the boundaries of major drainage features and floodplains. See Figures 1 and 5 for map legends.
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gating the potential for using these topography data for rapid
liquefaction-susceptibility mapping immediately following a
global earthquake to supplement PAGER loss estimates. This
could be a useful tool for disaster response planning and pro-
vide important information regarding the potential condition
and recovery times of crucial lifelines such as road and rail
networks or ports.

Data and Resources

DEMs used in this study were obtained from the
USGS EROS Data Center’s National Map Seamless Server,
available at http://seamless.usgs.gov/ (last accessed on
13 November 2008). Californian VS30 measurements were

obtained from Chris Wills (2006) via written communica-
tions. Taiwanese VS30 measurements were obtained from
the Pacific Earthquake Engineering Research Center’s Next
Generation Attenuation strong-motion database (Chiou et al.,
2008), available for download at http://peer.berkeley.edu/
nga/ (last accessed on 13 November 2008). All maps were
produced using Generic Mapping Tools (Wessel and
Smith, 1991).
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