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SUMMARY

Geomorphic interpretation of geologic features using DEMs (Digital Eleva-
tion Models) and satellite imagery can yield useful information on long-term
fault activity in the absence of detailed ground mapping. Mapping of probable
active faults in Central Asia and estimation of the type of offset from DEMs is
combined with digitizations of published fault maps, Landsat Thematic Mapper
and SPOT imagery where available, and earthquake catalogs in a Geographic In-
formation System to provide information on the probability that a shallow seis-
mic event is a natural earthquake, thus aiding in the verification of nuclear test
ban treaties. Topographic characteristics of active fault zones are analyzed on
DEMs at a range of resolutions from 100 m to 10 km. A Central Asia mosaic of
relatively crudely sampled topography (~1 km grid) clearly shows the large
uplifted mountain blocks and major active fault zones, such as the Altyn Tagh,
Karakoram, and Lake Baikal fault zones. We used medium-resolution DEMs
(~100 m grid) to delineate individual fault scarps and tilted strata on the limbs
of folds and fault blocks. Geomorphic features diagnostic of youthful activity,
such as pressure ridges, offsets in river channels, scarps in alluvial fans, and
tilted or uplifted geomorphic surfaces are visible on the full resolution data with
shaded-relief synthetic stereo and perspective rendering. Estimation of the
amount and age of fault activity depends on many factors, especially the geologic
unit involved, the rate of erosion in the area (which depends on climate), and the
type of the fault. Normal and strike-slip faults generally have clearer

topographic expressions than thrust faults.

Several studies have noted the lack of propagation of high-frequency Lg

waves across major mountain ranges, such as the Central Andes, Himalaya-
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Pamirs, and Sierra Nevada. Extreme surface roughness caused by fluvial and
glacial erosion may significantly contribute to explaining the lack of propagation
across high mountain ranges. Use of Lg amplitudes along such paths for discrim-
ination or yield estimation could be invalid or require correction factors. Surface
roughness is calculated from the DEMs by finding the topographic relief
(maximum minus minimum elevation) within a series of different-sized moving
windows ranging from ~2 x 2 km to ~60 x 60 km. Topographic relief in Central
Asia, measured this way, varies greatly from flat alluvial basins (relief near
zero) to dissected high mountains (relief > 1000 m within 2-10 km wavelengths).

The Tien Shan has moderately high relief of more than 500 m for most of its
length and width. The Himalayan front along the southern edge of the Tibetan
Plateau and much of the northern edge both have high to very high relief (1000—
2500 m over a 2 km wavelength) surrounding the plateau, with wider zones of
high relief at the western end, the Pamirs and Hindu Kush, and at the eastern
end in south-central China. Profiles of topography in a swath along the propaga-

tion path of Lg from a given event show the amount of topographic relief at the

surface that could contribute to scattering high-frequency energy.

The methodology that we have developed under this contract for processing
and analyzing digital topography, satellite imagery, and map datasets has
matured into an effective system. We are in the process of making both the
datasets generated and the methodology used to generate them available to
DARPA through the CSS. We describe in this report the methodology for the

analysis of these processed datasets.
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INTRODUCTION

Successful monitoring of a comprehensive or threshold nuclear test ban
treaty depends on the integration of many different types of data. Seismic data
have been central to the problem, but the trail of seismic research has now
reached the point where traditional “layer cake” structures need to be replaced
by models with more geologically realistic heterogeneous structure and topogra-
phy. For example, it is likely that the excitation, propagation and reception of
the L, phase at regional and continental scale distances is strongly controlled by
surface topography, sedimentary basins, changes in crustal thickness and struc-
ture as well as by the nature of the source itself. Yield estimation is critically
dependent upon these geological complexities. The important controlling fea-
tures are specific to the particular locations of the sources, stations and propaga-
tion paths. They can be determined only by amalgamation of diverse datasets on
topography, potential fields, seismicity, tectonics, crustal structure and geology.
The basic premise of this project is that the increasing sophistication in analysis
of seismic waves must be matched by advances in the ability to capture and
apply available geophysical, geological, and topographical data relevant to the

propagation of seismic waves along specific regional or continental scale paths.

The prototype Intelligent Monitoring System (IMS) now running at the
Center for Seismic Studies (CSS) includes interlocking modules “hat do auto-
mated seismic signal analysis for the detection and identification of events and
their phases, that allow interactive analysis and manipulation of digital seismo-
grams, that estimate magnitude of events and the yield of explosions, that
search various catalogs for events with certain characteristics, and that present

the results of event locations on a relatively simple map background. The




present version of the IMS has few provisions for utilizing geological and geo-
physical information to analyze the event location, and has no provisions for

examining these types of data for the propagation paths.

The aim of this project was to design a methodology for collecting and
organizing available geological and geophysical datasets such as satellite im-
agery, digital topography, geologic maps for Central Asia into a geographic
information system (GIS) that can be incorporated into future versions of the
IMS to aid in the quantification of region-specific source and propagation charac-
teristics. We also developed visualization and analysis techniques for utilizing
the three-dimensional data from our GIS that can be incorporated into routine

and research analyses at the CSS.

The choice of data, its capture and ingestion, and the methods for integra-
tion into a monitoring system all require experience in regional-scale continental
tectonics and crustal structure. Effective utilization of voluminous satellite, topo-
graphical, geological and geophysical datasets is one of the major scientific chal-
lenges of the future, one that will have enormous impacts on earth science in
general as well as on specific applications such nuclear test detection and

verification.
OBJECTIVES

The project had two related objectives. The first was to develop an inte-
grated Geological and Geophysical Information System (GGIS) that permits
analysis and manipulation of satellite images, digital topography, geology, and
seismicity on a single, multiple-window, computer screen for the interpretation
of the tectonic and geomorphic setting of seismic events and their propagation

paths to aid the possible verification of a CTBT or TTBT. The second objective
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was to evaluate this system and methodology by performing morphotectonic
analysis of tectonically active areas, especially central Asia. These test site
investigations revealed needs for new analysis, combination, and visualization
techniques for the datasets. New methodologies were then developed and imple-
mented in the ongoing studies. The incremental development of the system in
the course of evolving site studies was effective because problems encountered in
early stages were resolved and useful new utilities were added progressively by

modifying subsequent designs.

Morphotectonics is the extraction of tectonic information, such as the char-
acter and amount of recent deformation, from geomorphology. Currently avail-
able satellite images and digital topographic data are the primary source of
regional morphotectonic information. Integration of topographic and image data
with teleseismic and local-array seismicity, and other geophysical datasets, will
permit the analysis of the tectonic setting of seismic events and their propaga-
tion paths. One main objective of our research was to investigate the character of
available digital topographic and satellite image data and determine how best to
use them for the interpretation of morphotectonics. We expanded our scope of
the project to include digitization of geologic and tectonic information from maps

into the GGIS.
RESULTS

The following is a sum:ary of our results of developing a practical
methodology for effectively handling the diverse datasets of interest to DARPA’s
ongoing efforts in nuclear test ban treaty monitoring research. The large
volumes of digital topography, satellite imagery, and geologic map data available

for Central Asia and elsewhere necessitates special techniques to efficiently pro-




vide access to the data for analysis. Where possible, we have built upon
commercial software packages, including 1IS’s System 600, Ithaca Software’s
HOOPS, and ESRI's ARC/INFO, to allow us to concentrate on developing
methodologies and the acquisition of new datasets instead of the coding of low-
level computer routines for the basic operations and user interfaces. We divide

the different dataset types up in the discussion below for convenience.

Topography

A large and detailed dataset covering the whole area of Central Asia is digi-
tal topography. We have completed the processing of the large digital topography
dataset (DTED level 1; ~100 m resolution; the level available to us) that we
requested and have received from the Defense Mapping Agency (DMA) during
1989 and 1990, covering the high topography of the Himalayas, Tibet, the Hindu
Kush, Pamirs, Tien Shan, Altai mountains, and Lake Baikal regions of Central
Asia, including the Kazakhstan test site, plus a dataset that we received cover-
ing the southern part of Novaya Zemlya including the nuclear test site (Figure

1).




Figure 1. Map of Eurasia showing area covered by mosaics of digital topography for
central Asia, Novaya Zemlya, Morocco and requested data. Coastlines are black
lines and country borders are dark gray lines. DTED cells received during 1989,
1990, and 1991 are shown filled medium gray with black outline, cells received in
1991 that were not yet processed as of this report are filled very light gray, cells
missing from the data are visible as blank areas between filled cells (Table 2). All 5°
x 5° blocks are outlined by medium gray lines. Map is an azimuthal projection
centered in north central Eurasia.




The dataset consists of 1090 1 “cells” for the central Asia data (see Figure 2)
plus 23 cells for Novaya Zemlya and 89 cells for the Morocco area (see Table 1
and Figures 1, 11, and 12) that each cover a square degree with a spacing of 3
arc-seconds (1200 points per degree) in the latitude direction and in the
longitude direction for the cells south of 50°N (DMA, 1986). At higher latitudes,
the latitudinal resolution changes to six arc-seconds (600 points per degree)
north of 50°N (including the northernmost part of the central Asia dataset and
then to nine arc-seconds (400 points per degree) at 70°N (including the Novaya
Zemlya dataset). We have converted our catalog of the locations of all the DTED
cells, as well as our other geographic information into the ARC/INFO Geographic
Information System (GIS; see Figures 1, 2, and 11). The standard processing
sequence that converts and mosaics the DTED in file formats that we view and

analyze on our workstations and image processors is described below.

Figure 2. Overview map of Central Asia showing coverage of DTED celis received.
Received and processed cells (see Table 1) are shown filled medium gray with black
outline, cells received but not yet processed are filled light gray, cells missing from
the data requested are visible as blank areas between filled cells (Table 2). New 5° x
5° blocks requested for 1990, are outlined by thick gray lines. Country borders are
shown as thin black dashed lings. Seas and major lakes are filled gray with black
borders. Grey-scale and shaded-relief mosaics in Figures 3 and 4 cover entire area
of processed cells. (Figure on facing page.)
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Table 1. Cornell Asia Topography Acquired! List
5° x §° blocks

lat., long. range

cells rec’d 2

geographic reference

27°-38°N, 12°W-0°* $ 89% Morocco, Atlas and Rif mountains
25°-30°N, 75°-80°E 19 Delhi, Agra

25°-30°N, 80°-85°E 20 Kanpur, Annapurna
25°-30°N, 85°-90°E 15 Katmandu, Mt. Everest
25°-30°N, 90°-95°E t 11 Lhasa to Khasi Hills, Shillong
25°-30°N, 95°~100°E 1 12 Myitkyina, N Burma
25°-30°N, 100°-105°E 21 K'un-ming, Minya Konka
30°-35°N, 65°-70°E 25 Kabul, central Afghanistan
30°-35°N, 70°-75°E 25 Peshawar, Islamabad, Lahore
30°-35°N, 75°-80°E 16 Dehra Dun, E Kashmir
30°-35°N, 80°-85°E 18 W Tibet, Lipu Lekh
30°-35°N, 85°-90°E 20 WC Tibet

30°-35°N, 90°-95°E 25 EC Tibet

30°-35°N, 95°-100°E * 19 Pa-tang, Ning Ting Shan
30°-35°N, 100°-105°E 24 Min Shan, Lin-t'an

35°-40°N, 60°-65°E 24 NW Afghanistan, Samarkand
35°-40°N, 65°~-70°E 25 Dushanbe, NE Afghanistan
35°—40°N, 70°-75°E 25 Garm to Nanga Parbat
35°-40°N, 75°-80°E 25 W Tarim basin, Karakoram
35°-40°N, 80°-85°E 25 central Tarim, Tibet
35°—40°N, 85°-90°E 25 Tarim, central Altyn Tagh
35°-40°N, 90°-95°E 23 E Altyn Tagh

35°-40°N, 95°-100°E 25 W Nan Shan

35°—40°N, 100°-105°E 25 E Nan Shan, Lan-chou
40°-45°N, 65°~70°E * 25 E. Uzbekistan, W. Kirghizia
40°-45°N, 70°-75°E 25 W. Tien Shan, Frunze
40°—45°N, 75°-80°E 25 central Tien Shan, Alma-Ata
40°—45°N, 80°-85°E 23 E Tien Shan

40°—45°N, 85°-90°E 25 Turfan depression

40°-45°N, 90°-95°E 25 Lop Nor

40°—45°N, 95°-100°E 25 Yu-men, Gobi

40°-45°N, 100°-105°E 25 central Gobi

45°-50°N, 75°-80°E 25 E Balkhash, Taldy-Kurgan
45°-50°N, 80°-85°E 25 E Kazakhstan

45°-50°N, 85°-90°E 25 USSR-Mongolia-China border
45°-50°N, 90°-95°E 25 W Mongolia, Ulaangom
45°-50°N, 95°-100°E 25 Uliastay, central Mongolia

1 Ag of March 1991.

2 Full coverage for a block is 25 cells. Difference from 25 are missing cells that were
:unavailable” from the DMA, leaving gaps in topography coverage.

These data were received March 1991.
§ Note that this block is not 5° by 5°.
# There are 16 cells missing irom this dataset (not including pure ocean cells for which data was

not expected).

t We received the data for this block again, with the same cells missing, in March 1991.
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50°-55°N, 80°-85°E 25 Semipalatinsk, almost Novosibirsk

50°-55°N, 85°-90°E 25 central Altay

50°-55°N, 90°-95°E 25 E Altay, Artemovsk
50°-55°N, 95°-100°E 25 Nizhneudinsk

50°-55°N, 100°~105°E 25 Irkutsk, SE Baikal
50°-55°N, 105°-110°E 25 Ulan-Ude, central Baikal
50°-55°N, 110°~115°E 25 Chita

55°-60°N, 90°—95°E * 25 Siberia

55°-60°N, 95°-100°E * 25 Siberia

55°-60°N, 110°~115°E 25 NE of Baikal, Bodaybo
70°-75°N, 51°-57°E & 23 % southern Novaya Zemlya

We also requested digital topographic data for the area of the Central Andes
in South America for which we have TM coverage. Our existing DEM for the
Central Andes is on a 3' (~5 km) grid and was digitized by hand from the Opera-
tional Navigation Charts here at Cornell (see Isacks, 1988). We were informed
that the data was unavailable. We also have a DEM that covers all of California
with a ~150 m grid, approximately the same resolution as the DMA DTED Level
1. The U.S.G.S. sells DEM's for 7.5' quadrangles with a 30 m grid for some areas
in the U.S. We acquired a few dozen of these high resolution datasets for widely
scattered areas of the U.S. to compare with the DTED (described below under

Data Limitations).
Processing

We have developed a standard processing sequence that converts the DTED
into a form that can be viewed on workstations and image processors. This
processing involves the reformatting of the data into the IIS (International
Imaging Systems) System 600 file format that allows more rapid access to
selectable areas of images. As the data was read in and processed, we mosaicked

each 5° x 5° block of cells together into one file to allow larger areas to be exam-

* These data were received March 1991.

§ Note that this block is not 5° x 5°.

% There is one cell missing from the center of the southern part of Novaya Zemlya, other missing
cells are ocean.




ined at various resolutions. The DTED mosaics were done both with the original
elevation values (16 bit integer elevation in meters) and with values scaled to the
more convenient for display 0-255 range (8 bit integers). The 5° x 5° degree
blocks for the full resolution files appear to be a good tradeoff between viewing
larger areas and making files that are of manageable size (36 MB for the 8-bit

mosaics and 72 MB for the 16-bit versions for the DTED south of 50°N).

The next step in the processing, after the 5° x 5° degree mosaic files have
been created, is the calculation of the mean, maximum, minimum, and total
relief (max—min) for a set of different sized moving windows (from 20 x 20 to 600
x 600 points) applied to the full resolution data. As described in more detail
below, these derived data sets can be used for the interpretation of surface
roughness on a variety of scales for comparison to the propagation paths of Lg
and the different climatic/erosion regimes in Central Asia. The calculations
maintain the full range (maximams and minimums) of values in the original
data but result in a more manageable dataset that can be stored on-line and
manipulated for the whole area of coverage, e.g., to generate topographic profiles

along great-circle paths as described below under Analysis.
Visualization tools

We investigated several different visualization techniques for the processed
topography data and evaluated the usefulness of each for analysis. The simplest
method of viewing the topography is to assign a grey-scale value to the eleva-
tions running from black at the lowest elevations (usually near or at sea level)
through grey shades to white at the highest elevations (which vary depending on
the area). We used this type of grey-scale representation of the topography for

“quick-look” evaluations of mosaics and map-projected mosaics both on the com-

10




puter screen and as hardcopy. Contrast stretches and rescaling can be applied to
the data for a given area to produce enhanced grey-scale products. A program
was written to generate PostScript™ 1 for the grey-scale images that allows
hardcopy printing on standard laser printers. We find that grey-scale images are
very useful for producing figures that show relatively large-scale features and

are easy reproduced with standard black-and-white photocopiers (Figure 3).

Fiqure 3. Grey-scale mosaic of Central Asia DTED cells processed. The original
DTED was averaged over a 50 by 50 window to produce a Central Asia DEM
mosaic. The mosaic was then projected into a Lambert Conformal Conic projection
(~5 km resolution) that fits on one page and shows the major morphotectonic fea-
tures. White shows areas of missing data: “not available” (small irregular holes) or
not yet acquired (blocks at NW and SW corners of mosaic—see also Figure 2 and
Table 2). Colors run from white at the lowest elevations through black, dark gray,
and medium gray at low to moderate elevations (100m to 3 km above sea level) up
to light gray and white at the 4—6 km high elevations of the Tibetan plateau, Tien
Shan, Himalayas, Pamirs, Hindu Kush and other mountain ranges. The small areas
of the highest peaks in the Himalayas and northern Tibet (above 7 km elevation ) are
shown as black. (Figure on next page.)

1 TM of Adobe. 11







A more colorful method of portraying the data is by assigning pseudocolors
to different elevation ranges. Typically up to 256 different colors are available on
a given display, usually arranged in some kind of “rainbow” progression. We
have designed two special pseudocolor scales that provide better contrast for
topography data than the generic color scales that are part of the IIS System 600
software. We use one of our custom pseudocolor schemes extensively for display-
ing the topography both on the IIS displays and on workstation displays and
hardcopy prints. Unfortunately, it is impractical to include color figures in this
report due to the difficulties of reproducing color. Pseudocoloring is a very effec-
tive way of rendering the long-wavelength features in a topographic database,

and it can easily be applied to large datasets such as the mosaics.

We found very useful the IIS System 600 “virtual roam” programs which
pan a viewing window (1024 x 1024 or 512 x 512 pixels) across large images such
as the ~1 km resolution mosaic that is more than 4000 pixels in both directions
or the full resolution 5° blocks that are 6000 x 6000 pixels. Virtual roam also
allows “zooming in” or enlargement of selected areas, as well as interactive
rescaling and modification of the lookup table that assigns different gray shades
to the gray-scale images, or colors to the elevations of the DTED images. This
approach allows an analyst to examine subtle geomorphic features while still
retaining a large field of view to provide a regional context for the topography.
There is also a function within the roam programs that allows the drawing of
graphic annotations, such as points, lines, text, polygons, or circles, on the image
and the saving of these elements to a file. The graphics file can then be converted
to ARC/INFO for combining with other geographic information in plots or maps,

as discussed below.
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A new method of visualizing the moderate-size mosaic images is by render-
ing the data into a synthetic-stereo shaded-relief image with a “hill shade”
program and a synthetic parallax generation program. The first part of this pro-
cessing calculates the aspect of each point on the surface relative to a “sun” and
shades that pixel accordingly (see Figure 4 for an example of a shaded-relief
view). Then the elevation of each point of the DEM is used to calculate the
appropriate relief displacement (or parallax shift) for each pixel of the shaded
image to create a stereo pair mate. In the stereo pair, conveniently viewed as a
red-blue anaglyph, one image is the shaded image (shown in red) and the mate
(shown in blue) is the parallax-modified shaded image. This type of rendering
has been called by some “2-1/2D” meaning that it is more than a 2D map, but not
a full 3D perspective (which is computationally expensive for large DEMs).
Viewing these synthetic stereo images is similar to viewing of SPOT stereo
images (as described below), except that the amount of vertical exaggeration can
be adjusted in the synthetic stereo images and the DTED (Level 1) have lower
resolution than SPOT images and lack information on surface reflectance. In
areas of varying relief, such as at the Himalayan front, it is sometimes necessary
to calculate two versions of the synthetic stereo images with different amounts of
vertical exaggeration. Lower exaggeration to view the high relief mountains, and
a higher exaggeration version to see the details in the lower relief areas. We
have produced shaded synthetic stereo images for all of the reduced-resolution
mosaics and for all of the full-resolution 5° blocks.

Figure 4. Shaded relief rendering of Lambert projection 5 km resolution mosaic for
Central Asia. Topography is vertically exaggerated and then illuminated by a light
from azimuth 330° with an elevation of 30°. Flat gray blocks are areas of missing
data: “not available” (small irregular holes), or not yet acquired (blocks at edges of
mosaic). This shaded relief image can be combined with another that has synthetic
relief displacement to view the topography in stereo, using either red and blue
glasses or a stereo viewer. (Figure on next page.)
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A more advanced visualization technique is simulating 3D perspective
views with synthetic lighting to examine small- to moderate-scale topographic
features, such as the scarps of active faults. We have written software to do the
3D visualization using the Ithaca Software HOOPS graphics package that runs
on nearly every workstation and minicomputer system, including the VMS
VAXstations and Ultrix DECstation that we use and the Sun SPARCstations in
use at the CSS. This 3D “rendering” of the topographic data is much more
computation-intensive but can show more details for the smallest features than
the synthetic stereo images. This is because the parallax of the synthetic stereo
images is quantified to integral multiples of a pixel so features with less than the
amount of relief that corresponds to a pixel of parallax are lost. Active faults
stand out in these 3D views, especially in more arid areas, such as central China
and the area near Lake Baikal (see Figures 5 and 6). The resolution used for
these 3D views of 1° x 1° cells is 400 m, created by subsampling the original data
by 4 to create a 300 x 300 grid of elevations. This is about the largest grid that
can be easily rendered with our existing software and hardware, and the 400 m
resolution largely ameliorates the effects of the digitization artifacts visible at
the full 100 m resolution. This visualization technique enhances mesoscale
morphotectonic features, especially those with a high degree of linearity. Large
fault scarps formed by active faults stand out in these rendered views (Figures 5

and 6).
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Central China faults in alluvial surface

SE corner ot cell 37N 09 |2 . -
corner of celf TN :} I L J Camera at -100, 35, 160 km
Homzontal resolution = 200 m i 5 5
. : , X Lightat 1.5, 1.0, 0.5
Vertical exazgeration = 2.0 ‘70 l\

Figure 5. Synthetic 3D perspective view looking from south to the north showing a
system of faults to the east of Tibet in the Nan Shan of central China. Location of the
19 x 19 cell, rendered with a “light” from the north, of the DTED is at 37°N, 99°E. The
southeast quaner of the cell was subsampled by 2 from the full resolution of the data

producing a grid with approximately 200 m resolution. Vertical exaggeration of a
factor of two was applied.

Analysis

Geomorphic interpretation of surfaces using digital topography and satellite
imagery in an area can yield useful information on the long-term fault activity in
the absence of detailed ground mapping. We developed a set of criteria for inter-
preting the effects of varying climate on the interpretation of fault activity; for

example, the central part of Tibet and the entire Gobi and Takla Makan (Tarim
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basin) deserts have low precipitation (almost all less than 300 mm/year) so we
would expect low erosion rates and good preservation of active or recently faults.
Indeed we can see clear evidence for the Neogene strike-slip and normal faults
mapped by the Geotraverse team in Tibet (see discussion of the digitization of
this database under Digital Map Datasets below). The lack of evidence for faults
in other arid areas can be used to infer a lack of Neogene fault activity in those

areas.

Diagnostic geomorphic features, such as pressure ridges, offsets in river
channels, and scarps in alluvial fans (e.g., Figure 6), are visible on active (likely
to have Quaternary displacement) faults when the full resolution topography is
rendered into stereo shaded-relief views. These faults are mapped on the image
processor screen and their coordinates are saved to a file. This file is then
converted into ARC/INFO for comparison with previously mapped faults and
recorded seismicity. The new stereo “virtual roam” capability allows an analyst
to scan for features over a large area quickly, and the synthetic stereo portrays
much of the third dimension while still maintaining the geographic fidelity of a
map view. Particularly interesting features can be rendered into 3D perspective
views that better show the surface, but cannot be used for mapping (e.g. Figures
5 and 6). The smaller faults in the alluvial fan at the SE of Figure 5 are not on
existing maps, showing the usefulness of interpreting the topography for adding
to previous geologic information. This surface appears to be geomorphically
young, so the faults that cut it are likely to be active. The locations of larger
faults, such as the normal fault that bounds the north side of the graben in Fig-
ure 6 (mapped as “active” by Trifonov, 1986), can be much more accurately
located on the DTED than on published small-scale maps (1:8,000,000 in this

case).
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Zmax = 2973 meters

Horizontal resolution = 400 meters
Vertical Exag. = 3.0

Cell 51°N 102°E

Cameria at -100, 60, 160
Light at 1.0, 0.0, 1.0

Figure 6. Synthetic 3D perspective view like that of Figure 5, showing part of the
active normal fault system near Lake Baikal. Location of this cell of the DTED, also
rendered with light from the north, is with SW corner at 51°N, 102°E.

We investigated ways to calculate roughness from the full resolution topog-
raphy data. One useful and straightforward method, which we made part of our
standard processing sequence as described above, is to move a window over the
data and calculate the mean elevation and range of relief (maximum minus min-

imum elevation) within the window. The roughness images, calculated on the 5°

x 5° blocks are then mosaicked together to cover the entire area (see Figure 7).

19




These images show that relief varies greatly in Central Asia from flat alluvial
basins (relief near zero) to dissected high mountains (relief of 1000—4500
meters). The Tien Shan of Tadjikistan, Kirghizia and western China has relief of
greater than 1000 m, over a 10 km wavelength, for much of its length and width
(Figure 7), with a maximum relief of over 3000 m. The Himalayan front along
the southern edge of the Tibetan Plateau and much of the northern edge have
high to very high relief surrounding the plateau, with much wider zones of high
relief at the western end, in the Pamirs and Hindu Kush, and at the eastern end,
south-central China. In general the high relief regions correspond to areas where
the precipitation and fluvial and glacial erosion are significant. The arid central
part of Tibet has very low relief, comparable to some low elevation areas, despite

its ~4.8 km average elevation.

Figure 7. Gray-scale mosaic of surface roughness calculated from the Central Asia
DTED. Roughness is measured as relief (maximum ~ minimum elevation) within
overlapping 100 x 100 windows (on the same grid as the mean values of Figure 3).
This ~5 km resolution mosaic has been projected into the Lambert Conformal Conic
projection. Thin white lines are 5° grid lines for geographic reference. White shows
areas of missing data and very low relief in the flat alluvial plains and lake surfaces.
Regions of high relief in the Tien Shan, Pamirs, Himalaya and elsewhere may block
the propagation of high-frequency Lg waves. Gray-scale bar shows relief values.
(Figure on facing page.)
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Several qualitative studies have noted the lack of propagation of high-
frequency Lg waves across major mountain ranges, such as the Central Andes
(Chinn, Isacks, and Barazangi, 1980), Himalaya-Pamirs (Ni and Barazangi,
1983), Turkish and Iranian Plateaus (Kadinsky-Cade, Barazangi, Oliver, and
Isacks, 1981) and other ranges in Central Asia (Ruzaikan, and others, 1977).
Extreme surface roughness caused by fluvial and glacial erosion may signifi-
cantly contribute to explaining the lack of propagation across high mountain
ranges. Use of L; amplitudes along such paths for discrimination or yield estima-
tion could be invalid or require correction factors. The surface roughness images
can be used to map out areas of significant relief. The calculated maximum and
minimum value images maintain the full range of the original data but result in
a more manageable dataset that can be stored on-line and manipulated for the
whole area of coverage to generate topographic profiles along great-circle paths
(see Figures 8 and 9). These profiles of topography in a swath along the propaga-
tion path of Lg from a given event show the amount of topographic relief at the

surface that could contribute to scattering high-frequency energy.
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Figure 8. Map showing locations of Lg propagation paths for which the topographic
profiles are shown in Figure 9. Light gray fill shows coverage of received DTED cells.
Thin black lines mark 10° latitude and longitude lines. Contours on smoothed version
of the topography are shown as thick light gray fline for the 3000 m contour and thick

dark gray line for the 4500 m contour. Great circle paths marking the centers of the
swaths of the topographic profiles are shown as thick gray lines from Kabul and New
Dehli. Paths crossing the high topography of the Himalayan front and the Pamirs
were found to destroy high-frequency Lg phases (Ni and Barazangi, 1983).
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Figure 9. Topographic profiles along swaths centered on great circle paths of Lg

propaga}tipn as showr! in Figure 8. Each swath is 50 km wide, and points (maximum
and minimum elevations within 2 km windows) are projected into the plane of the
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great circle. Profiles are all at the same scale, with a large amount of vertical exag-
geration, as seen in the elevation and distance scales plotted at the left and bottom,
respectively. Noted is whether Lg propagates efficiently along the path of each
profile.

Both satellite images (e.g., SPOT and Landsat Thematic Mapper—TM) and
Digital Elevation Models (DEMs, also called Digital Terrain Elevation Data,
DTED, by the DMA) are now available for various parts of the earth at spatial
resclutions or grid spacings that vary by about three orders of magnitude, from
10 m to over 10 km. There is a trade-off between the sample spacing and areal
coverage of digital topography, with the coarsest resolution (10 km) data avail-
able for the entire earth. The effective spatial resoiution is not necessarily as
high as the grid spacing of the dataset, but depends on the resolution and accu-
racy of the source (contour maps, airphotos, satellite images, or altimeters), the
digitization method used, and the subsequent error correction and resampling.
All topographic digitization methods result in varying degrees of degradation of
the source spatial resolution. Digitization artifacts introduce errors that must be
quantified in order to effectively interpret the data set. Moreover, the optimal
spatial resolution of a DEM or image depends on the scale of the morphotectonic
problem being studied. The highest resolution data can be used for local studies,
while regional topographic datasets, with wider grid spacings, are useful for
orogen-scale analyses (e.g., Isacks, 1988). An optimal GGIS must be capable of
manipulating multiple resolution datasets to allow the interpretation of various

scales of structures.
Data Limitations: Gaps, Artifacts, and Resolution

A significant problem with the DTED that we received is the numerous cells
for which the data is missing (Table 2; Figures 1 and 2). As we put together our
mosaic of the DTED cells (Figure 3), we found that the data holes due to DTED
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cells that we did not receive from the DMA make it difficult to get a complete
picture of the high topographic relief along the Himalayan front and to study
southern Tibet and other areas with holes. The wording on our transmittal from
the DMA is “all cells requested but not shipped are unavailable”. We submitted a
formal request through the GL to fill in the holes and received the data for two
blocks in March 1991 with the same cells missing (Table 1), so we conclude that
the DTED still does not exist for these cells at this time.

Table 2. Cornell Asia Topography List of Missing Cells for Data
Acquired

25°N 77-78°E1
25°N 81°E
25°N 88°E
25°N 90-91°E
25°N 95-97°E
26°N 77°E
26°N 86-97°E
27°N 77°E
27°N 84°E
27°N 86-88°E
27°N 90-93°E
27°N 97°E
27°N 103-104°E
28°N 77°E
28°N 81°E
28°N 83°E
28°N 88°E
28°N 92-93°E
28°N 95-97°E
28°N 104°E
29°N 77°E
29°N 82°E
29°N 93°E
29°N 95-97°E
29°N 104°E
30°N 77°E
30°N 82-83°E
30°N 88°E
30°N 95°E
30°N 103°E

1 See Table 1 for geographic references for these cells.
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31°N 77-88°E
31°N 98°E
32°N 76-77°E
32°N 97-98°E
33°N 76-77°E
33°N 97-98°E
34°N 77°E
36°N 60°E
36°N 91-92°E
40°N 83°E
43°N 83°E

Analysis of the DTED cells shows the widespread presence of relatively
minor errors or artifacts in the data. The two obvious artifacts are a “grain” vis-
ible at the highest resolution of the data, and mis-matched join lines that are
visible at lower resolution. Both the original data source and method of digitiza-
tion contribute to these systematic errors. The “grain” is probably due to human
digitization of stereo photographs or imagery using an automatic-scan stereo-
plotter, as described below. The mis-matched join lines are likely due to inconsis-
tent map sources or poorly aligned stereomodels. The join lines occur both at the
boundaries between cells, and within cells. Elevation mismatches range from

about 10 m to over 50 m.

The most common data source for DEMs is stereo photographs or images.
Elevation data can be extracted from a stereo pair of images directly on a regular
grid either by human or computer correlation of the surface features, but these
techniques are relatively new. Human digitization of stereo photographs or
imagery has been commonly done using an automatic-scan stereoplotter. These
systems are set up to automatically scan back and forth across the stereomodel
while the operator attempts to keep a “floating dot” on the surface. The inherent
time lag in the operator's response to a change in slope, combined with the
reversed direction of adjacent scans causes a systematic artifact in the digitized

topography visible as a “grain” in the data at full resolution.
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The degree to which the finest details can be studied with the stereo
shaded-relief and pseudocolor roaming and 3D perspective techniques is limited
primarily by the digitization artifacts of the DTED. We find that the human per-
ception system can often distinguish the characteristic “grain” that is due to the
artifacts from the high-frequency topographic features of interest, especially in
the pseudocolor, grey-scale and synthetic stereo renderings. The 3D views can
tend to enhance the “grain” of the artifacts unless the “sun” direction is chosen to
be more or less parallel to the grain. The digitization artifacts often have a char-
acteristic expression in a 2D power spectrum of the topography (Figure 10), with
the power of the artifact sometimes highly localized along a narrow line in wave-
number-wavenumber space. We investigated the possibility of filtering out the
artifacts in the frequency domain by reducing the power along the line of the
artifact to the level of the rest of the topography and then doing an inverse
Fourier transform, but we found that this technique could only be applied to
limited areas where the artifacts were especially coherent. Spatial domain filters
such as a convolution with a 1 x 5§ smoothing filter are fairly effective in reducing

the artifacts, but also tend to destroy some of the higher frequency information.

Figure 10. Grey-scale two dimensional Fourier power spectrum of a 512x512 pixel
portion of the DTED near latitude 55°N and longitude 110°E. The amplitude has
been colored in grey levels from dark at the lowest power to light at the highest in a
non-linear scale to enhance the features. The zero frequency (“DC" term) is at the
center of the piot, with longitude spatial frequency ranging from —Nyquist to +Nyquist
(600 cycles degree-1 or ~5 cycles km-1) along the horizontal axis and latitude spatial
frequency similarly along the vertical axis. The digitization artifacts show up clearly
as increased power along a diagonal line on this 2D FFT (which “wraps around” in
the spectrum). We explored the possibility of filtering out these artifacts in the
Fourier domain. (Figure on next page.)
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We processed a set of DTED cells covering the southern part of Novaya
Zemlya that we obtained as copies of data requested by another DARPA
researcher (see Figures 11 and 12). The locations and outlines of the cells have
been entered into our Arc/Info database, as shown in Figures 1 and 11. The
Novaya Zemlya DTED cells, while not covering a large part of Eurasia, do cover

the Soviet nuclear test site at Matochkin Shar.
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The quality of these data, as evaluated qualitatively by viewing the full
resolution data in pseudocolor mode, is not as good as most of the other DTED
that we received for Central Asia. There are significantly more obvious artifacts
in the data almost everywhere and there is a conspicuous bad join line between
cells at the southern end of the island (visible even on the reduced by 7 resolu-
tion image of Figure 12 as a vertical discontinuity line). It is also unfortunate

that there is a missing cell in the center of the southern part of Novaya Zemlya.

To investigate the information content of higher resolution data, we studied
some USGS DEMs from the United States that cover 7.5' (0.125°) by 7.5 on a 30
m grid. These 7.5 DEMs have a higher resolution but are generally only avail-
able for limited areas so they cannot be used for regional interpretations. USGS
7.5' DEMs are classified as “level 1” DEMs, meaning they have not been cor-
rected to make sure that adjacent maps join correctly, to remove systematic
errors, or to make hydrographic features such as rivers, lakes, ridge crests, and
islands continuous and correctly located (USGS, 1986; 1987). The DMA DTED
from Asia is classified by the USGS as “level 3”, meaning that adjacent cells will
match exactly, systematic errors have been removed, and hydrographic features
are correctly portrayed at a scale of 1:250,000 (DMA, 1986; USGS, 1987),
although some digitization artifacts remain. Vertical resolution of the DTED

data is 1 m, but the vertical accuracy is much lower, on the order of 50 m.
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Figure 12. Gray-scale mosaic of DTED cells covering the southwest part of Novaya
Zemlya. Data has been subsampled by 10 from the full resolution to about 1 km
resolution. Area of coverage is shown on Figures 1 and 11. White rectangle in
middle is missing “unavailable” data. Grey-scale bar shows elevations in meters.
Note the vertical line near the southeast end of the island where there is a
discontinuity between cells.

Study of varying horizontal resolutions of DEMs from North and South
America and the DMA DTED from Central Asia shows that the minimum spatial
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resolution necessary for the accurate interpretation of a morphotectonic feature
such as a fault-generated mountain block depends on the degree of erosion, the
amount of offset, and the along-strike length of the structure. An active, little
eroded mountain bounding fault with significant offset and length can be
detected on a DEM with an effective spatial resolution as crude as 5-10 points
across the width of the uplifted block (about 500 m to 10 km for large structures),
while accurate identification of the type and age of the underlying faulting
requires data with at least 50100 points per structure wavelength (25-500 m
resolution). This indicates that efficient interpretation of topography for the tec-
tonics and seismic potential of an area will require relatively high resolution
DEMs, such as the DMA DTED data (~100 m grid) or higher resolution DEMs
derived from stereo SPOT images (10-30 m grid).

Geological and Geophysical Data

We have created an extensive digital tectonic database by the digitizing of
geologic, tectonic, and other maps for Central Asia. The data are organized into a
hierarchical database of information from different resolution sources. In addi-
tion, “metadata” was collected about existing maps to create a database about
what areas each map covers and where the hardcopy map is located. A new
methodology for the digitization of faults with attributes such as their ages and

‘or the polygon information on geological maps has been developed.
Technique Development

We used ARC/INFO, an advanced GIS package (acquired under a different
pruject from ESRI, Environmental Systems Research Institute, Inc.), running on
one of our VMS VAXstations. This package, along with our existing IIS System

600 image processing software including its ARC/INFO translator module, com-
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pletely replaced a patchwork of different computer mapping file formats and
programs. The ARC/INFO system is based on the INFO database management
software, and can be modified to link directly into ORACLE databases (as used
at the Center for Seismic Studies) as well. The ARC map digitization, editing,
and plotting software is a well-integrated and powerful “toolbox” of components
that can perform middle-level tasks. We have built a system for organizing

geological and geophysical information using the ARC/INFO tools.

We converted all of our previously varied formats of geographic information
files into ARC/INFO, and we have digitized geologic and tectonic maps for Cen-
tral Asia. The new capability of ARC/INFO to maintain “attributes” associated
with particular lines or polygons allows us to keep track of the fault type
(normal, reverse, strike-slip, or unknown) and age category for the faults or to
keep attributes for the age and compositional type for rock units. These
attributes can then be used to assign different symbols on a map (see Figures 13,
14, and 16) or to select only a certain age category or fault type {cr nlotting.
ARC/INFO also maintains the topological information contained in a map of
classified polygons or areas, such as a geologic map to allow the filling of poly-
gons of a given type. Other research was done to perfect the use of ARC/INFO’s
“transform” and “project” programs to do the inverse map projections necessary
to convert locations of features on a map in that map’s projection to locations in
geographic coordinates or latitude and longitude on the earth.

Figure 13. Map showing a detail of one degree square (32-33°N, 90-91°E) of the
digitized geology coverage of the Geotraverse across Tibet (enlarged from the top
center of Figure 16 below). Al geclogic units, except “Recent” alluvium are filled light
gray. The labels of the individual polygons are shown as small black squares, with
the unit age attribute printed below. This figure shows how the attribute data is
associated with the polygonal boundaries of the units. Overtain are the boundaries of
the one degree cell as thin dark gray lines Map is a Lambert Conformal Conic
projection. (Figure on next page.)
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We developed a methodology for the digitizing of polygon as opposed to line

data (as previously used for faults and contour lines) to digitize maps with areal
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units, such as geologic maps. The lines or “arcs” marking the boundaries
between geologic units are digitized along with a “label” point for each geologic
unit. Then the arcs are formed into polygons that each enclosed one unit. Poly-
gons are assigned two or more “attributes” within ARC/INFO via their labels
that include information on the interpreted age and type of rock for the unit.
These attributes allow one to select rock units of a certain age and then color or
otherwise mark the different rock units on a workstation display or on a

hardcopy map (see Figures 13 and 16).

Another ARC/INFO module, TIN (after Triangular Irregular Networks), has
many useful capabilities for manipulating data sampled on regular or irregular
grids, including topography, gravity, crustal or sedimentary basin thicknesses,
or contoured rainfall datasets. Data can be contoured in any map projection, at
any scale; converted from irregular to regular grids and vice-versa; or viewed in
three-dimensional perspective views with any ARC/INFO dataset “draped” over
the topography. We have developed programs to convert the DTED and other
DEMs into the ARC/INFO TIN format, which allows resampling of the data
points into a map projection, and also directly into a “lattice”, their term for a
regularly spaced grid with a header that defines its spatial attributes, including
the corner of the lattice and the spacing between the points. The lattices can
then be smoothed and contoured to produce contours on maps like those of Fig-
ures 8, 15, and 17. A disadvantage of the implementation of lattice files in the
present version (5.0.1) of ARC/INFO is that they are limited to a maximum of
1024 points in any direction, so not even a full degree square (1200 x 1200
points) of the DTED data can be put into a lattice right now, but they have

promised to remove this limitation in the next release.
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Macro programs for ARC/INFO (in the ARC Macro Language—AML) were
developed to enhance access to all of our databases (described in the next sec-
tion), especially to better combine data of different resolutions or map scale.
ARC/INFO macro programs allow the generation of menus and mouse selection
of options or map objects for a user-friendly interface that will work the same on
all of the graphics terminals and workstations on which ARC/INFO runs. The
AML programs are also useful for selecting data and plotting them with a given
map projection and symbols. The ARC/INFO pictures here were produced with
AML programs that also serve to record the exact datasets, symbols, and

projections used.
Digital Map Datasets

We converted all of our previously varied formats of geographic information
files into ARC/INFO, and we digitized several geologic and tectonic maps for
Central Asia directly into ARC/INFO. The first step was the digitization of the
major known faults for the entire area of Central Asia covered by the DTED
acquired (Figure 14). The attribute ARC/INFO capability was used to record the
fault type (normal, reverse, strike-slip, or unknown) and age category for the
faults, and to record the map source for each fault. These attributes can then be
used to assign different symbols on a map (see Figure 14) or to select only a cer-
tain age category or fault type for plotting. Most of maps used for this overview

database have a 1:2,000,000 scale or smaller
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Figure 14. Smali-scale overview map of published Late Cenozoic faults in Central
Asia, digitized and integrated into ARC/INFO. This map covers same area as Figure
2. Lakes, seas, and ocean are filled light gray. Requested and acquired 5°x5°
blocks are marked with solid black lines. Each fault has a “fault-type” attribute that
was used to assign different line types in this plot as shown in the key: double solid
black lines for strike-slip faults and shear zones, thick gray lines for thrust faults, thin
black lines tor normal faults, and thin medium gray lines for faults of unknown type
(where the fault type was not marked on map from which it was digitized). (Figure on
previous page.)

We digitized one area of Central Asia where there is a relatively detailed
geologic map to compare with the digital topography, the “Geotraverse” along the
only major road across Tibet (Kidd, 1988; Kidd and others, 1988). This 1:500,000
scale map is the most detailed available for any complete section across the
plateau (see Figure G). The wide variety of tectonic and geologic units from
Paleozoic rocks and faults to Mesozoic deposits and sutures to active normal
faults, combined with the arid to semi-arid climate made this an excellent place
to calibrate our methodology. The topographic data along this section is rela-
tively complete (almost no missing DTED cells within the area of the map)

compared to other sections across the plateau.
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Figure 15. Map showing location of the digitized geology coverage of the
Geotraverse across Tibet (thick black line) on a background of tectonic features of
Tibet. The 3000 m smoothed contour is filled light gray, and the 4500 m contour is
filled medium gray. Thick gray lines mark positions of sutures between the tectonic
terranes of Tibet, interpreted from the outcrops of ultramafic rocks and major fault
zones. Triangles mark locations of young volcanoes and circles with crosses mark

calderas. The hatchured area is the area of Spattenuation mapped by Ni and
Barazangi in northern Tibet. The outline of the available DTED (same as on Figures
1 and 2) is a thin black line. Map is a Lambert Conformal Conic projection.

The integration of available vector datasets with the pseudocolor roam,
rendering, and stereopair roam of the raster topography and images is leading to
improved visualization of and insight into morphotectonic features that can bear
on nuclear test discrimination and detection and the propagation paths of crustal

and lithospheric phases. We concentrated on the digitization of the geologic units

from the southern half of the “Geotraverse” map (see Figures 15 and 16).
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Figure 16. Map showing the digitized geology coverage of the southern halt of
Geotraverse across Tibet (see Figure 15 for location). Four geologic units are filled
with grays according to the key. Overlain are the boundaries of the available topo-

graphic data as thin dark gray lines. This map contains mecre than one thousand
individual polygons, each with attributes of unit age and rock type (see Figure 13).
Map is a Lambert Conformat Conic projection.
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We digitized some basic climatic information for Central Asia into our
ARC/INFO database, especially annual precipitation (Figure 17). The zones of
high precipitation (> 1000 mm/year) are areas where we would predict that fault
scarps and other geomorphic features associated with faults will be eroded and
erased much more quickly than in drier areas. Conversely, in the extensive dry
areas where annual precipitation is less than 300 mm, we expect that manifesta-
tions of faulting should be clearly visible if deformation has occurred in

geologically recent times.

We also acquired a set of maps of the entire Soviet Union with a variety of
different kinds of geological and geophysical information at a scale of approxi-
mately 1:7,500,000. The maps of crustal thicknesses (depth to Moho) and sedi-
mentary basin depths (isopachs) are probably the most useful. The attributes
capability of ARC/INFO, can record which contours are dashed (inferred or
interpolated) and which are solid. After digitization and subsequent editing, reg-
ularly spaced grids of the crustal and sediment thickness values can be created

from these preliminary maps.

We completed our digitizing of basic climatic information for Central Asia
into our Arc/Info database, including annual precipitation (Figure 17), river
runoff and water evaporation rates. The zones of high precipitation (> 1000
mm/year) are areas where we would predict that fault scarps and other geomor-
phic features associated with faults will be eroded and erased much more quickly
than in drier areas. Conversely, in the extensive dry areas where annual precipi-
tation is less than 300 mm, we expect that manifestations of faulting should be

clearly visible if deformation has occurred in geologically recent times.
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Figure 17. Map of annual precipitation and topography for Central Asia, produced
with ARC/INFO. Map covers same area as Figure 2, and has the same 5° x 5°
outlines of the requested and received DTED data blocks. Coastlines, seas, and
major lakes are marked by narrow black solid lines. Smoothed topography is shown
by light gray fill for areas above 3 km and medium gray fill for areas above 4.5 km.
Hatchure patterns show smoothed contours of annual precipitation, as marked in the
key. Moderate precipitation values between 300 and 1000 mm/year are not
hatchured areas. Note the correlation between the areas of high precipitation and
the areas of extreme surface roughness on Figure 7.
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We entered the published locations of 93 Soviet nuclear tests (Vergino,
1989) and all their associated attributes into ARC/INFO. This allows one to use
the graphical query capability of ARC/INFO to click a mouse on a given event
and see all the information about that event. The relational database part of

ARC/INFO also allows the selection of events for plotting based on any combina-
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tion of criteria from the attributes. We converted the standard digital ISC
(International Seismology Center) and PDE (Preliminary Determination of Epi-
center) catalogs of seismic events into Arc/Info format, including all of the
attributes associated with the events, such as location, depth, date, time, num-
ber of stations used, magnitudes, etc. This allows us to overlay these events and
dynamically select events from the Info relational database for drawing on work-
ing plots on the workstation screen or making hardcopy maps such as Figure 4

or make graphical queries.
Satellite Imagery

An excellent source of high-resolution information about remote and inac-
cessible areas, such as central Asia, is satellite imagery. We have concentrated
our research on the evaluation of SPOT imagery because it offers the highest
resolution available commercially (unclassified) in digital form. We also took
advantage of our large collection of Landsat Thematic Mapper imagery for South
America to evaluate the relative utility of the different types of data.

SPOT

We received a total of eight SPOT scenes for Central Asia under this project
(each half of a stereopair; see Table 3). We have processed the raw data into
images that can be viewed on our International Imaging Systems (IIS) IVAS dis-
play (which is the same full-color image display that is used at the Center for
Seismic Studies). We have added the new SPOT scenes to our ARC/INFO
database of information about the previous SPOT scenes that we have received
for Central Asia. The database includes the K and J indexes that SPOT uses to
roughly locate scenes, the scene acquisition date, incidence angle and direction,

center, and corner locations, and the location of the sun when the scene was
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acquired (see Table 3 and Figure 5). We are still waiting for the stereopair mates
for two of the requested scenes as of 18 March 1991 (Table 4). Apparently the

weather in these areas prevented acquisition during the 1990 season.

Table 3. Cornell SPOT Central Asia Imagery Acquired! List

K dJ Inc. ang.  Acquis. Center Sun
& dir. date lat. and long. azim. & elev.

187 272 L16.1 08/07/89 38.815 70.393 1460 64.7
187 272 R26.9 09/19/89 38.815 70.363 151.2 494
215 277 L17.2 08/27/90 36.367 83.363 150.7 61.3
215 277 R15.2 08/28/90 36.367 83.345 142.7 58.9
188 272 L13.7 09/09/90 38.815 70.983 157.7 549
188 272 R11.8 09/15/90 38.815 70.954 153.7 51.7
198 279 R12.1 11/07/90 35.387 74.764 1633 369
194 268 R23.1 09/16/90 40.766 74.519 153.0 49.1

1 A5 of March 1991.

Figure 18. Map showing coverage of SPOT scenes acquired for Central Asia.
Outlines of the scenes that we have received are shown by solid black lines {(see
Table 3 for more data on scenes). The location of the IRIS/IDA digital seismic station
GAR in the city of Garm is shown with a square with an X. Seismic events selected
from the PDE catalog with mp > 3.5 and depth < 50 km are marked by medium gray
crosses. Topographic contours of smoothed topography form the background. Filled
light gray is 3000 m contour, filled medium gray is 4500 m contour (see Figure 17).
Map is a Lambert Conformai Conic projection. (Figure on next page.)
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Table 4, Cornell Satellite Imagery 1990 Outstanding! Request List

satellite scene specification geographic reference

SPOT left look2 K=194, J=268 Fergana fault, Tien Shan, Kirghizia
SPOT left look K=198, J=279 Nanga Parbat, Himalaya, Pakistan

The scenes are of excellent quality with few or no clouds and snow covering
only the higheat elevations that are presumably always covered with snow. Fig-
ure 19 shows a reduced resolution image of the Nanga Parbat scenes. The
extremely high elevations and relief of the Nanga Parbat mountain range in the
K 198 J 279 scene (Figure 19) cause some very long shadows on the north-facing
slopes which are in part caused by the lower sun angle at the November acquisi-
tion date (Table 3). The scenes are panchromatic (black-and-white) with 10 m
resolution. We are still waiting for the stereopair mates for these two scenes.
The acquired scenes were collected when the satellite was at points to the east or
“right” of the ground area, so the other scenes need to be collected from points to
the west or “left” (Table 4). It is probably not possible to get pairs of images that
were acquired within a few days of each othe- (in order to have little change in
their solar illumination geometry or in the ground features for better correlation
between the images) since these areas are very often cloud covered, in fact we
were unable to acquire cloud-free scenes to complete the stereopairs during the

1990 season.

1 As of March 1991, we have received only one half of each of these stereopairs. Listed are the
remaining two stereopair “mates”. See Table 3 for the acquired images.

Stereopair mates for previously acquired right looks (Table 3) should be panchromatic scenes
acquired with incidence angles of about 10-20° left to form a stereo image with about 25-30° of
convergence.
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Figure 19. SPOT image of area around Nanga Parbat, Pakistan. Panchromatic
image has been subsampled by 8.5 and contrast-enhanced. White areas are snow
on mountain peaks. Many dark patches are shadows of high relief terrain. Peak of

Nanga Parbat (elevation more than 8 km) is in SW corner of image. Sun illumination
is from the southeast. This image was acquired from the right with an incidence
angle of about 12° on 11/07/90. See Table 3 for more information. This is one of the

scenes mapped on Figure 18. North is to the left on the image. Copyright 1990

SPOT Image Corporation.
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The most exciting approach that we have adapted for real-time 3D visual-
ization is to exploit the topographic information inherent in stereopairs of satel-
lite imagery. Photogrammetric analysis has been applied to aerial photographs
using opto-mechanical stereoplotters for more than 40 years, to produce the
majority of topographic maps in use today. We have formed digital stereomodels
from our SPOT stereo images. This process requires co-registering the two
images in a common coordinate system in such a way that the parallax, or topo-
graphic relief displacement, is in the horizontal (X) direction. The stereopair can
then be displayed as an anaglyph (the image from the right is in red and the
image from the left in cyan or blue). One can then view the stereomodel on a
conventional display by wearing red-blue glasses. The IIS System 600 software
can be used to “virtual roam” over the stereomodel enabling an analyst to visual-
ize both the topographic relief and the variations in surface reflectance shown by

the images simultaneously.

We acquired five stereopairs of SPOT scenes for selected sites in South
America (see Table 5) to evaluate their use in tectonic mapping and feature
evaluation in areas where we have much more extensive ground information and
an extensive library of Landsat TM imagery for comparisons. SPOT imagery of
central Bolivian mines was compared to our TM imagery to evaluate the relative
efficiency of the two data sets for locating and distinguishing active mining zones
that are often the sites of large chemical explosions. The SPOT stereopair of the
area around Jujuy, Argentina was studied for evidence of active faulting in an
area where we have excellent local digital seismic network coverage. We also
received four SPOT scenes (two panchromatic stereo pairs) from the San Juan,
Argentina area, one of our three study areas, to compare with local array seis-

micity data (some 100,000 events were recorded by a local digital network in this
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area) and mapped faults. We also used our set of Large Format Camera stereo
photographs for the San Juan taken by the Space Shuttle to compare with the
SPOT image pairs. The two stereo pairs cover adjacent (E-W) areas to the west
and east of the city of San Juan, both with approximate latitudinal limits of
31°10'S to 31°40'S, and covering the approximate longitudinal limits of 68°20'W
to 69°30'W. The two images for each of the pairs have look angle differences of

about 30-40 degrees between them.

Table §. Cornell SPOT Imagery for South America Acquired List

satellite scene specification geographic reference

SPOT stereopair K=675, J=389 central Bolivia, Cerro Potosi mine
SPOT stereopair K=673, J=387 central Bolivia, Uncia mine
SPOT stereopair K=680, J=398 Jujuy, Arg., local seismic network
SPOT stereopair K=675, J=413 C San Juan, Precordillera

SPOT stereopair K=676, J=413 EC San Juan, Sierra Pie de Palo
Other

We have investigated two other types of imagery from central Asia, both
from the Landsat satellites. Landsat Multispectral Scanner (MSS) images have
approximately 80 m resolution and four spectral bands in the visible and near
IR, while Landsat Thematic Mapper (TM) images have 30 m resolution and
seven spectral bands in the visible, near IR, mid IR, and thermal IR. An MSS
image was analyzed for an area of the Tadjik SSR that includes the areas
covered by our SPOT stereopairs. The extra spectral information of MSS images
does not make up for the relatively low resolution of the data. In fact, the MSS
data was not very useful for interpreting geologic structures, fault scarps, or the
locations of active mining because the 80 m resolution is not sufficient to resolve

most of the features. The main advantage of MSS data is that the scenes are now
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available at fairly low cost, only $200 per 180 x 180 km scene for data that are

more than two years old.

We received the Landsat Thematic Mapper scene for the Kazakhstan test
sites (path 150, row 25 in the Landsat 4&5 Worldwide Reference System), and
we have processed the data into IIS System 600 format to allow roaming and
analysis on the IIS image displays. We have mapped the coordinates of the
corners of the four quadrants (quads) of the scene and put those into ARC/INFO.
ARC/INFO allows us to plot locations of published Soviet test locations (Vergino,
1989) with ISC seismic event locations and the TM quad locations and bound-
aries of the DTED cells (see Fig. 9). Roaming of the Shagan River test site in our
standard TM 542 color composite (TM band 5 in red, band 4 in green, and band 2
in blue) lead to the discovery of some strange patches where the reflectance of
the surface is low in the visible and high in the infrared, appearing orange in the
542 color scheme. Several of the patches seemed to be roughly circular in shape,
but they appeared to be too far away from the obvious drill pads to be the surface
expression of the underground nuclear tests. The cause of the unusual character
of these patches remains unknown, but perhaps they could be related to old

above-ground tests or some natural phenomenon.
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Figure 20. Map of the area around the Kazakhstan test site in the Soviet Union,
showing seismic events, known explosions, and coverage of Landsat TM image,

produced with ARC/INFO. Large parallelograms, thin black lines, show the bound-
aries of the four quadrants of the Landsat TM scene acquired for this area (WRS

path 150, row 25). Boundaries of the DTED cells reccived are shown in thin gray

lines. The Irtysh River is shown as a medium gray line, lakes are filled gray with

black borders, and the Kazakh S.S.R.-Russian S.F.S.R. border is the dashed line in
the NE comer of the map. As shown in the key, published locations of 93 Soviet

nuclear tests (Vergino, 1989) are shown as small filled squares and ISC shallow (z <
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50 km) event locations (1963—-1984) with magnitudes (Ms) greater than 4.0 shown
as gray circles, and events with Mg greater than 5.0 as black circles. Seismic event
in the NW quadrant of the TM scene was a mp=5.1 earthquake in 1976. See text for

description of the TM features near this event.

We have used our experience with TM interpretation of late Cenozoic faults
in the Andes (e.g., Fielding and others, 1988; Fielding, 1989) to examine the TM
data for the area in Kazakhstan near the location of the magnitude (mp) 5.1
earthquake in 1976 about 100 km to the north of the nuclear test sites (see
Figure 18). There is not a clear active fault scarp at the epicenter of the
earthquake, but there is a more subtle, eroded scarp that runs for 10’s of km
through the area. This feature could be due to a buried fault or a fault that has
not had enough displacement during the Quaternary to produce a scarp faster
than the rate of erosion. The Quaternary erosion rate in Kazakhstan is likely to
be greater that that of the Altiplano-Puna mapped previously because it now

receives greater precipitation and presumably has been wetter throughout the

Quaternary.
Comparisons

We performed a more detailed study of the Peter the First Range (PFR)
near Garm, Soviet Tadjikistan, using our two SPOT stereopairs (see Figures 3
and 4) and other information. The area covered includes the new IRIS/IDA digi-
tal seismic station (GAR) now operating. A large catalog of locally recorded
earthquakes for the PFR is being studied by Prof. Michael Hamburger and his
colleagues at Indiana University in an ongoing project in collaboration with
Soviet researchers to study the seismicity and structure in the Garm area (e.g.,
Hamburger and others, 1988; Pavlis and others, 1988; Hamburger, in review).
Our SPOT and topography data were compared with a Landsat MSS scene to

look for evidence of surface faulting and also for evidence of mining operations
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that could be the source of chemical explosions. This area has a very high level of
seismicity, and is the site of several geologic and seismological studies (Burman
and Gurariy, 1973; Trifonov, 1978; Burtman, 1980; Leith, 1982; Leith and
Alvarez, 1985; Leith and Simpson, 1986).

We coregistered some of our DTED from the Garm, Tadjikistan area with a
Landsat MSS (Multispectral Scanner) image. The moderate resolution (80 m) of
the MSS data is close to that of the DTED, making the coregistration process
straightforward. Control points (points such as stream intersections that are vis-
ible on both images) were selected and the DTED was resampled to fit the MSS
scene. The generation of color 3D perspective images combines the topographic
and satellite data into a new view of the earth’s surface that shows more than
either data set alone. The types of folds and faults can be determined more accu-
rately because the dips of strata and fault surfaces and the slopes of fault scarps
can be seen on the 3D imagery and the spectral bands of the MSS data provide
information on the lithologies of the rocks. For instance, limestones show up as a
bright blue color in the standard 421 MSS composites (unfortunately we cannot
include color figures here). The SPOT stereopair for the area with its 10 m reso-
lution (although only one wide spectral band) provides much more detailed

structural information, albeit at much greater cost for the data.

We successfully adapted our existing digital mapping system to SPOT
images, which are the primary satellite image source we will be using under this
DARPA grant. A SPOT panchromatic image (one band, 10 m resolution) that we
received under our NASA grant overlaps with part of the area mapped on the
TM images (7 bands, 30 m resolution) and also an area studied in the field by
one of our colleagues at Cornell. We used this as a test of the amount of informa-

tion that could be extracted from the two types of imagery. The higher resolution
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SPOT image showed some of the smaller (less offset and/or shorter length) faults
that could not be seen on the TM images. The larger faults, with scarps of about
20 m or more as seen in the field, were visible on both types of imagery. A direct
comparison of the fault locations mapped with our mapping system from the
SPOT and TM images, using the geographic information provided with the
imagery, showed a systematic difference in the absolute locations between the

two images on the order of a few hundred meters.

We found that there was a systematic difference in the fault locations deter-
mined from TM images and those determined from SPOT images, in an area of
the central Andes where our colleagues are doing field studies. To further study
this locational discrepancy between the SPOT and TM image geographic infor-
mation, we did an examination of one of the stereo pairs (each stereo pair
acquired such that the SPOT satellite was looking at the same area on the
ground from the east and the west) of SPOT panchromatic imagery from the San
Juan province in Argentina. These images overlap with Landsat Thematic
Mapper (TM) images that we had previously studied under our NASA grants,
and provide a good basis for comparisons between the SPOT and TM imagery.
The area also overlaps with an area under detailed study by seismologists at
Cornell and Memphis State University with a 40 station digital seismograph
array. The array was operated from September 1987 to April 1988, and recorded
about 20,000 earthquakes of which nearly 3/4 were in the crust and the rest in
the underlying Wadati-Benioff zone. Since the seismometer station locations
were very precisely determined by a GPS (Global Positioning System) receiver
(estimated error of about 10 m), we have determined the locations of several
stations on the satellite imagery to compare the GPS locations with those deter-

mined purely from the geographic information provided in the imagery header
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files. The results of this comparison for one of the SPOT images is shown in
Table 6. It can be seen that the SPOT locations at the elevations around 600 m

measured are within 330 m of their true positions.

Table 6, Comparison of Locations Determined from SPOT and GPS

Stn elev. GPSlat. GPSlng SPOT lat SPOT  Alat Along total 'dist’
Ing

cf01 625m -31.6028° -68.2333° -31.5987° -68.2343° -0.00418° 0.001039° 0.004305°
cf03 667m -31.6054° -68.2341° -31.604° -68.2335°-0.00146°-0.00054° 0.001557°
cf04 625m -31.6029° -68.2315° -31.6001° -68.2352° -0.00282° 0.003725° 0.004673°
cf05 645m -31.6049° -68.2328° -31.6035° -68.2323° -0.00134°-0.00056° 0.00145°

cf07 615m -31.6038° -68.2319° -31.6007° -68.2335° -0.00307° 0.001609° 0.003462°
cf10 655m -31.6047° -68.2298° -31.6008° -68.2314° -0.00392° 0.001675° 0.004262°

Averages -0.0028° 0.001158° 0.003285°
Converted -0.31 0.10 0.33
to km
A comparison was also done between the two SPOT scenes of one stereo
pair and the corresponding TM image for features that could be identified as the
same location on the images. The difference between the locations of three road
intersections clearly visible on the two SPOT scenes was about 0.7 km in the
same direction for each case. A different feature that was also clearly visible on
the TM image was used for another comparison. The location determined from
the TM image was about 0.8 km away from the locations determined from each
of the two SPOT scenes. These discrepancies are unlikely to be due to inaccura-
cies in the equations we use to convert pixel coordinates to latitude and longi-
tude, since we observed smaller discrepancies between overlapping TM images,
or to inaccurate geographic information provided with the imagery, possibly due

to topographic relief displacement.
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DATA PRODUCTS

Products Generated

We produced moderate-resolution mosaics, at 1/10, 1/20, and 1/50 of the full
resolution data for Central Asia, by mosaicking the mean elevations calculated
from the 5° x 5° degree blocks with overlapping 20 x 20, 40 x 40, and 100 x 100
pixel windows applied to the full resolution data. The mean-value mosaics were
projected into a Lambert Conformal Conic map projection at ~1, ~2, and ~5 km
resolutions. A portion of the 1/10 resolution mosaic is shown in Figure 3. The
1/10 (~1 km resolution) mosaic is a moderate-size file (approximately 60 MB for
the unprojected 16 bit data) that allows the whole data set to be examined at an
interpretable resolution. We also produced 1/10 resolution mosaics for the
Novaya Zemlya and Morocco datasets. We believe that these reduced-resolution
topographic datasets should be very useful to DARPA researchers who model the
effects of surface topography on the propagation of regional seismic phases.

We have produced digital versions of a variety of geological, geophysical and
climatic maps, all stored in ARC/INFO a widely used Geographic Information
System. These datasets include attributes associated with the digitized contours,
faults and geologic units, and they have each been editted for consistency. We
have produced a dataset of faults for Central Asia compiled from a large number
of individual maps. This dataset includes attributes for the interpreted age and
sense of motion for each fault, and an ID number that identifies the map source.
All of the digitized datasets have been transformed from their original map

projections into geographic coordinates of latitude and longitude.

57




Our Geological and Geophysical Information System (GGIS) has matured
into an effective methodology. We have made our programs portable to other
computer systems by coding them in the C language and using graphics sub-
routines that run on nearly all workstations and can use the Motif windowing
system that is becoming a widely accepted standard (HOOPS, a three-dimen-
sional graphics package from Ithaca Software). Our 3D perspective viewing
program has proven to be portable to CSS machines, so we will improve the user
interface and transfer a finished product to CSS. Other elements of our GGIS are
built upon the IIS System 600 which is already in use at CSS and SAIC; and the
Arc/Info package that also runs on both VAX and Sun workstations.

Plans to Transfer Products to CSS

We have continued our discussions with several of CSS personnel on how to
best make our topography images and mosaics available on CSS systems. One
relatively straightforward option is to create IIS System 600 image files that can
be displayed on the IIS IVAS at the CSS. We were able to convert one of the
images that we brought with us during a previous visit to CSS to IIS format and
view it on the CSS IVAS. Another option is to create images that could be incor-
porated directly into the “Map” module of the Intelligent Monitoring System
(IMS) running at the CSS. The latter option is more difficult but could be more
useful in the long run for other CSS researchers. Unfortunately, at this time the
“Map” is undergoing a major rewrite and details on the replacement module are

not yet available as of this writing.

The transfer of the vector datasets from digitized maps is another subject of
discussion. A simple file format that just contains the geographic coordinates of

the points in the lines would lack the associated attributes of the various lines
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such as the ages of the faults and lack the topological information of the polygon
databases and their associated attributes. We will document all of our C code,
Arc/Info macro programs, and processed datasets for DARPA use. We have not
heard of any plans for the IMS to include an advanced GIS, but we would be glad
to make our digital map datasets available, with their associated attributes and
topological information, to be included into future version of the IMS that may

have a use for such data.
CONCLUSIONS AND RECOMMENDATIONS

The integration of available vector datasets, such as digitized geologic and
geophysical maps, with the virtual roam, rendering, and stereopair roam of the
raster topography and images is leading to improved visualization of and insight
into morphotectonic features that can bear on nuclear test discrimination and
the propagation paths of crustal and lithospheric seismic phases. Geomorphic
analysis, including evaluation of climatic effects, of the amount and age of activ-
ity is necessary to fully interpret fault scarps manifested in the topography. The
zones of high precipitation are areas where we would predict that fault scarps
and other geomorphic features associated with faults will be eroded and erased
much more quickly than in drier areas. Conversely, in the extensive dry areas of
Central Asia, we expect that manifestations of faulting should be clearly visible
if deformation has occurred in geologically recent times. Inspection of available
Lg propagation paths indicates a strong correlation between paths that lack
observed high-frequency Lg to major topographic roughness. Future work to
compare the wavelength spectra of topography along a path to the frequency
spectra of Lg recordings should help quantify the magnitude of the effect.
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