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ABSTRACT

Multi-incidence-angle (in the 25° to 55°
range) radar data acquired by the NASA/
JPL Airborne Synthetic Aperture Radar
(AIRSAR) at three wavelengths simultane-
ously and displayed at three polarizations are
examined for their utility in characterizing
lava flows at Pisgah volcanic field, California.
Pisgah lava flows were erupted in three
phases; flow textures consist of hummocky
pahoehoe, smooth pahochoe, and aa (with
and without thin sedimentary cover). Of the
eight AIRSAR images used here, four were
calibrated to within an accuracy of +2 dB
with trihedral corner reflectors, and data
from these calibrations were used to process
the additional images to a conservatively es-
timated +5 dB level of accuracy. Calibrated
radar backscatter data (¢°, in dB) were
plotted as a function of incidence angle at
three wavelengths (P-band, 68 cm; L-band,
24 cm; and C-band, 5.6 cm) and three
polarizations (HH, horizontal transmit/hori-
zontal receive; HV, horizontal transmit/verti-
cal receive; and VV, vertical transmit/vertical
receive) for eight major units at Pisgah for
which multi-incidence-angle AIRSAR data
were available. The eight units consist of
near-vent and distal aa flows; near-vent and
distal, hummocky pahoehoe flows; a mantled,
hummocky pahoehoe flow; a platform pa-
hoehoe flow; an alluvial fan; and a playa.
Analyses of these backscatter data show that
major unmodified volcanic units at Pisgah are
readily distinguishable from each other and
that they exhibit diffuse (HH, VV) and/or
multiple (HV) scattering behavior typical of
rough surfaces at these wavelengths. These
analyses show that discrimination of smooth
lavas (platform pahoehoe) from mantled units
with greater primary roughness (hummocky
pahoehoe) is difficult and must rely on sup-
porting observations (such as evidence of lo-
calized weathering and/or sediment deposi-
tion, contrast with surrounding units, and
superposition of flow units). L-band back-

scatter and image data at HV polarization
show the best discrimination of Pisgah lava
flows, with optimal unit separation observed
between ~40° and 50° incidence angles.
Backscatter data shown as a function of rela-
tive age of Pisgah flows indicate that dating
of lava flows on the basis of average radar
backscatter may yield ambiguous results if
primary flow textures and modification proc-
esses are not well understood.

INTRODUCTION

Recent studies emphasize the importance of
understanding the factors governing the appear-
ance of volcanic deposits on radar images (for
example, Gaddis and others, 1989, 1990;
Mouginis-Mark and others, 1989; Theilig and
others, 1989; Gaddis and Greeley, 1990; Head
and others, 1991). It has been shown that studies
of lava-flow surface textures on radar images are
useful for interpretation of flow-emplacement
processes and volcanic eruptive histories (Gad-
dis and others, 1989, 1990). Imaging radar data
are expected to be an effective tool for identifica-
tion and monitoring of potentially dangerous
volcanoes in remote areas (Mouginis-Mark and
others, 1989). In accordance with petrogenetic
arguments suggesting a wide range of possible
melt compositions on Venus (Hess and Head,
1990), analyses of Magellan radar data of Venus
(Head and others, 1991) show volcanic features
consistent with basaltic compositions as well as
with more-evolved magmas. In view of the cur-
rent Magellan radar mission to Venus (Saunders
and others, 1990) and the many planned Earth-
orbiting radar experiments (for example, Shuttle
Imaging Radar-C, Huneycutt, 1989; Earth Ob-
serving System, Butler and others, 1987; Radar-
sat, Raney, 1984) that will acquire data for a
wide variety of volcanic areas, there is a need for
(1) geologic analyses of radar signatures of vol-
canic deposits of diverse morphologies to estab-
lish a physical basis for interpretation of radar
images, (2) characterization of radar scattering
mechanisms for rough surfaces typical of vol-
canic deposits, and (3) identification of optimal
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radar-imaging parameters (wavelength, polari-
zation, incidence angle) for the most effective
geologic analyses of volcanic terrains.

This paper presents a study of the effect of
varying incidence angle at three wavelengths
(P-band, 68 cm; L-band, 24 c¢m; and C-band,
5.6 cm) and three polarizations (HH, horizontal
transmit/horizontal receive; HV, horizontal
transmit/vertical receive; and VV, vertical
transmit/vertical receive) on characterization of
lava-flow surfaces at Pisgah volcanic field, Cali-
fornia (116°20°W; 34°40’ N). Lava flows at Pis-
gah have textures such as hummocky and
smooth (“platform™) pahoehoe and aa, with and
without thin sedimentary cover (Wise, 1966;
Dellwig, 1969). The Pisgah flows erupted from
the same vent area and have no major composi-
tional differences (Gawarecki, 1964; Friedman,
1966). Studies of Pisgah with NASA/JPL Air-
borne Synthetic Aperture Radar (AIRSAR)
data allow illustration of the backscatter behav-
ior of lava flows differing largely in surface tex-
ture, as well as examination of the effect of
mantling by sedimentary deposits on the back-
scatter behavior of those flows at multiple
incidence angles, wavelengths, and polariza-
tions. Objectives of this paper are to (1) illustrate
the backscatter behavior of major volcanic units
at Pisgah derived from calibrated, multiparame-
ter radar-image data; (2) compare AIRSAR-
derived backscatter behavior of Pisgah flows to
that observed in previous studies of scatterome-
ter data; and (3) discuss implications of such
behavior for interpreting radar images of other
volcanic terrains.

Several analyses have used multiparameter
radar data to study volcanic deposits (for exam-
ple, Dellwig and Moore, 1966; Dellwig, 1969;
Schaber and others, 1980; Farr and Engheta,
1983; Blom and others, 1987; Blom, 1988; Thei-
lig and others, 1989). Most early studies used
uncalibrated radar images in which the intensity
of radar return power (or backscatter coefficient,
expressed in dB as the radar cross section per
unit area, ¢°) from a ground site is measured
and displayed so that high returns are bright
(for example, as from rough surfaces) and low
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returns are dark (for example, as from smooth
surfaces). Later studies used calibrated data from
a scatterometer, a non-imaging sensor that
measures radar backscatter for a site as a
function of incidence angle (measured from per-
pendicular to the surface to the direction of
propagation of the transmitted wave). Dellwig
and Moore (1966) showed that simultaneously
acquired direct- and cross-polarized radar data
at K-band wavelengths (~0.8 cm) provide better
discrimination of lava-flow boundaries at Pisgah
than do direct-polarized data alone. Dellwig
(1969) observed wavelength dependence and
noted the importance of surface roughness in
discriminating Pisgah lava-flow types (aa and
pahoehoe) and subsurface features on multi-
wavelength (K-band, 0.8 cm; C-band, 7 cm; and
P-band, 70 cm) radar images. Schaber and oth-
ers (1980) showed that long-wavelength
(L-band, 25 cm) radar data at direct and crossed
polarizations are more useful than short-
wavelength (K-band, 0.8 cm; X-band, 3 cm)
data for separating volcanic flows at SP Moun-
tain, Arizona, because the flows are uniformly
rough at ~3-cm scales. Farr and Engheta
(1983), using direct- and cross-polarized scatter-
ometer data of Pisgah at C-band (6 cm) and
L-band (19 cm) wavelengths, showed that dif-
fuse, depolarized backscatter is produced from
rough aa flows. Blom and others (1987) simu-
lated radar-imaging configurations with scatter-
ometer data of Craters of the Moon, Idaho, and
used a statistical approach to select optimal im-
aging parameters for discrimination of aa and
pahoehoe. Blom and others (1987) determined
that shorter wavelengths, smaller incidence an-
gles, and horizontally polarized radar data are
most useful for studying such lava flows. Blom
(1988) compared lava-flow discrimination at
different, radar viewing (or “look™) directions
and showed that for such rough surfaces with no
strong directional elements, radar look direction
is generally unimportant. Theilig and others
(1989) used direct-polarized C-band (6 cm) and
L-band (19 cm) scatterometer data of Pisgah to
show that mantled pahoehoe is distinctive, but
unmantled aa and pahoehoe lava flows cannot
be separated readily because their surface
roughnesses are too similar at the scale of the
radar wavelengths used. Although each of these
investigations has yielded important information
for the characterization of lava flows at multiple
wavelengths, polarizations, and/or incidence
angles, none bas had the advantage of the
unique multiparameter data set provided by the
AIRSAR instrument. This paper presents the
first analysis of calibrated radar-imaging data,
simultaneously acquired at multiple wavelengths
and polarizations, for detailed characterization
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of lava-flow morphologies at Pisgah volcanic
field.

GEOLOGIC SETTING

The Pisgah volcanic field covers ~80 km?2
and consists of Quaternary basaltic lava flows
and a cinder-and-spatter cone superimposed on
alluvial and lacustrine sediments (Figs. 1 and 2;
Dibblee, 1966; Wise, 1966; Dellwig, 1969).
Paleomagnetic data indicate a short eruptive
duration (<20 yr) for the entire Pisgah volcanic
field (D. Champion, 1990, personal commun.,
cited in Glazner and others, 1991). Pisgah
Crater cone is ~ 100 m high with a basal diame-
ter of ~500 m. Lava erupted from the cone area
in three phases (distinguished by phenocryst tex-
tures; Wise, 1966, 1969): Phase I produced pa-
hoehoe; Phase II, aa and pahoehoe; and Phase
IlI, pahoehoe. Field observations show that
Phase I pahoehoe lavas are <1 m thick, with
very smooth, flat surfaces marked by sporadic
small ridges (<5 cm high) or shallow (<20 cm
deep) depressions. To the east, Phase I pahoehoe
lavas are extremely smooth (“platform” lava);
wind-blown sediments commonly fill shallow
depressions. To the west, many Phase I lavas are
ridged and may be covered by an eolian and/or
alluvial mantle <2 m thick. Substantial parts of
the Phase I lavas were covered by Phase II aa
flows, erupted near Pisgah Crater. To the east,
proximal (near-vent) units of Phase II aa lavas
are thick (<5 m), and their very rough surfaces
(up to 4 m relief ) are characterized by abundant
clinker (1- to 20-cm diameter), collapse depres-
sions, and sporadic, rafted pahoehoe plates. To
the south, the surface of the distal units of Phase
II have a lower relief (<3 m), fewer collapse
depressions, and more rafted pahoehoe plates.
Northern and western parts of Phase II lavas are
thin pahoehoe, with low-relief, ridged surfaces
resembling Phase I pahoehoe. During the Phase
III eruption, Pisgah Crater cone formed, and the
youngest lavas were erupted to the south and
east. Phase Il pahoehoe lavas are thick (~3to 5
m), characterized by hummocky surfaces with
pressure ridges and tumuli <3 m high. At the
south edge of Pisgah, Phase III pahoehoe is cov-
ered by up to 3 m of alluvium, but in the
west-central part of the Phase III lavas, streaks
and pockets (<1 m deep) of wind-blown sedi-
ments are common.

Southeast of Pisgah volcanic field lies the
Lavic Lake playa (~3 km across), composed of
hard, generally dry, argillic materials (Wise,
1966). The surface of Lavic playa is extremely
flat and has numerous desiccation polygons as
much as 10 m across. Flows erupted from a
smaller cinder cone, Sunshine Crater, are found

to the southwest of Pisgah and Lavic. The north
and southwest edges of Lavic playa are covered
by Pisgah and Sunshine flows, respectively; to
the south and east, it is bordered by alluvial fans.
At the north edge of the playa, cobbles of Phase
I lava are detached and loosely distributed
across the playa surface.

DATA

Multiparameter radar data used in this study
were acquired June 3, 1988, by AIRSAR dur-
ing the Mojave Field Experiment (Wall and
others, 1988) over Pisgah volcanic field (Fig. 3).
These radar data were processed to a pixel size
of 10 x 10 m and were acquired at 3 wave-
lengths simultaneously. Although any combina-
tion of transmitted and received polarizations
may be simulated by using the complete polari-
metric capabilities of the instrument (Zebker
and others, 1987; van Zyl and others, 1987), in
order to provide direct comparisons with data to
be acquired by systems such as Magellan, SIR-
C, and EOS, only direct- and cross-polarized
data (HH, HV, VV) were used in this analysis.
Multi-incidence angle data for a site were ac-
quired by moving the AIRSAR ground swath.
In each image, incidence angle varies from ~25°
in the near range to ~55° in the far range of the
ground swath. In all, eight images of parts of the
Pisgah volcanic field were obtained.

AIRSAR data are calibrated through analysis
of the backscatter from trihedral corner reflec-
tors (van Zyl, 1990). Trihedral reflectors (6 ft,
1.8 m) were deployed at ~2-km spacing on the
smooth surface of Lavic Lake playa; 5 reflectors
spanned the width of the 10-km ground swath.
After standard phase calibration and cross-talk
removal, channel imbalance correction and ab-
solute radiometric calibration were conducted
by matching the polarization signatures of the
observed reflectors and an ideal trihedral reflec-
tor (van Zyl, 1990), permitting calculation of
backscatter coefficients for units within cali-
brated images. Calibrated backscatter coeffi-
cients (expressed as o° in dB, or radar cross
section per unit area) are quantitative measures
of radar return power integrated over a unit
area. These calibration techniques are most ap-
plicable to radar scenes with comer reflectors,
but due to the extreme stability of the AIRSAR
system, they may be extended reasonably to ad-
jacent frames along the same track (Freeman
and others, 1989). Of the eight AIRSAR images
of Pisgah, four include corner reflectors or are
adjacent to images with reflectors and were cali-
brated to within an estimated accuracy of +2 dB
(Freeman and others, 1989; van Zyl, 1990).
Further extension of these techniques to images
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Figure 1. Airphoto of Pisgah volcanic field (June 1988).
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Figure 2. Geologic sketch map of Pisgah volcanic field showing major geologic units and the eight sites (squares) from which ¢° values were
extracted.
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PISGAH VOLCANIC FIELD

P-band: 68 cm

L-band: 24 cm

C-band: 6 cm

Figure 3. Slant-range AIRSAR image of Pisgah volcanic field shown at three wavelengths and three polarizations. The radar look direction is
from top to bottom, the incidence angle ranges from ~25° to 55° from near- (top) to far-range (bottom), and the pixel size is ~10 x 10 m.

acquired for the same area at different times
along different flight paths (for example, data
subject to variations in aircraft and instrument
parameters such as altitude and antenna gain)
has permitted processing of the remaining four
Pisgah images to within a conservatively esti-
mated +5 dB level of accuracy (A. Freeman,
1991, personal commun.). From the calibrated
data, backscatter coefficients were calculated at
P-, L-, and C-band wavelengths and at HH, HV,
and VV polarizations for eight sites at Pisgah
(Fig. 2). Because of overlapping coverage at Pis-
gah, the number of incidence angles for each of
the eight sites ranges from four to six.

Radar backscatter is a function of target
properties (approximately wavelength-scale sur-
face and/or subsurface roughness, topographic
slope, dielectric constant) and instrument pa-
rameters (wavelength, polarization, look angle,
incidence angle, look direction). For dry, un-
vegetated, low-relief geologic units with few
compositional differences such as those at Pisgah
volcanic field, surface roughness at approxi-
mately the scale of the radar wavelength has the
dominant effect on radar backscatter at inci-
dence angles >20° (for example, Ulaby and oth-
ers, 1982; Farr and Engheta, 1983; Gaddis and
others, 1989). At a given incidence angle (0) and

radar wavelength (X\), the amount of scattering
from a slightly rough surface is proportional to
the amplitude of the roughness spectral compo-
nent that satisfies the Bragg scattering condition,
A = A/2sin@ (Valenzuela, 1967). In simple
terms, direct-polarized radar data are most sensi-
tive to a single scale of roughness of scatterers,
whereas cross-polarized data respond to the av-
erage geometry or texture of scatterers (for exam-
ple, Daily and others, 1978). It is therefore
expected that surfaces with a small amount or
amplitude of wavelength-scale roughness ele-
ments will show low backscatter, and those with
a large amount or amplitude of wavelength-
scale roughness elements will show high
backscatter.

The behavior of ¢° as influenced by incidence
angle, polarization, and wavelength is illustrated
in Figure 4, which shows the variation in ¢° for
different surface roughnesses (where roughness
is relative to a given radar wavelength; Fig. 4a)
and at different polarizations (Fig. 4b; Ulaby
and others, 1982). In Figure 4a, a typical direct-
polarized backscatter curve for a slightly rough
surface shows a moderate negative slope with
two parts, a quasi-specular (“coherent”) com-
ponent at small incidence angles (<20°) and a
diffuse (“noncoherent™) component at larger in-

cidence angles (>20°). As surface roughness in-
creases, the curve slope becomes less negative
and is dominated by the diffuse component of
backscatter. For a very rough surface, the back-
scatter curve is least sensitive to incidence angle
and is relatively flat. For a rough surface at inci-
dence angles greater than ~30°, backscatter is
largest at vertical polarization, intermediate at
horizontal polarization, and smallest at crossed
polarizations (Fig. 4b). Direct-polarized back-
scatter is due to single scattering (either quasi-
specular or diffuse) from surface or subsurface
features, and cross-polarized backscatter is a re-
sult of multiple scattering on or beneath a sur-
face (Fung and Eom, 1979).

RADAR DATA ANALYSIS

Backscatter curves at three wavelengths and
three polarizations for eight sites at Pisgah (Fig.
5) are shown in Figure 5. Of the eight sites, six
are volcanic units (rough to smooth); data from
two smoother sites (one alluvial fan, one playa)
are shown for comparison. Note that, as ex-
pected for decreasing roughness, the slope of
each series of backscatter curves ranges from
approximately flat (a, b) to slightly negative
(¢, d, e, f) to negative (g, h). Backscatter curves
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Figure 4. Generalized radar backscatter curves for surfaces (a) of differing roughness and
(b) at different polarizations (after Ulaby and others, 1982).

for these eight units at Pisgah thus behave as
“very rough” and “medium rough” surfaces ac-
cording to conceptual backscatter relations (Fig.
5). With decreasing surface roughness, the aver-
age o° decreases, and the range (for example, the
separation among individual curves) increases
for each set of curves. These trends indicate that
wavelength and polarization are important fac-
tors for unit discrimination among smoother
units at Pisgah. As expected, in each case direct-

polarized data have higher average ¢° than
cross-polarized data (the vertically polarized
data are slightly higher on average than the hori-
zontally polarized data). Separation among
wavelengths is greatest at cross-polarizations in
all cases, which indicates that cross-polarized
data can provide a useful addition to direct-
polarized data and may be superior for vol-
canic unit discrimination at Pisgah. Cross-
polarized backscatter provides evidence for
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multiple scattering (Fung and Eom, 1979) and
this, in combination with the enhanced discrim-
ination of lava flows at cross-polarizations, sug-
gests that the Pisgah volcanic units are more
distinctive in their average roughnesses or sur-
face textures than in their specific wavelength-
scale roughnesses. Note that in most cases, the
greatest separation among these backscatter
curves is observed between ~40° and 50° angles
of incidence, which suggests that the best dis-
crimination among Pisgah volcanic units on the
basis of surface texture is expected in this range
of incidence angles. Within each polarization
grouping, furthermore, the average o° decreases
as wavelength increases (for example, CVV is
commonly highest, followed by LVV, then
PVV, etc.). These data confirm expectations that
rougher volcanic surfaces produce higher aver-
age radar returns and that such units are less
sensitive to variations in incidence angle, wave-
length, and polarization than are smooth
surfaces.

For a more detailed analysis of lava-flow
characterization at different incidence angles and
polarizations, the L-band data are emphasized,
because more lava-flow textures are observed on
those image data (Fig. 3). Apparently, most geo-
logic surfaces near Pisgah are almost uniformly
rough at C-band wavelengths (~6 cm), and so
little discrimination among units is possible on
these data. At P-band wavelengths, fewer vol-
canic units are distinctive at a 70-cm scale of
roughness and average texture, whereas at the
25-cm scale of the L-band data, many of the
known lava-flow textural types at Pisgah pro-
duce different amounts of backscatter. Figure 6
shows L-band backscatter curves at HH, HV,
and VV polarizations for the eight units in this
study. Note that the overall separation among
backscatter curves is greatest for the cross-
polarized data (Fig. 6b), which again suggests
that such data may be most useful for discrimi-
nation of these “medium rough to very rough”
lava flows on the basis of different amounts of
multiple scatter caused by different surface tex-
tures or average roughnesses. Among the back-
scatter curves at all three polarizations, those of
the two aa units (near-vent and distal) are very
similar and have distinctly higher backscatter
than other volcanic units (particularly at LHV;
Fig. 6b). Although the two Phase III hummocky
pahoehoe units (central and eastern) have in-
termediate radar returns and are separable on
the L-band radar images (Fig. 3), the backscatter
curves for these units are very similar at all po-
larizations (Fig. 6). It seems that the spatial vari-
ations in image tone are more distinctive for the
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two Phase III hummocky pahoehoe units than
are the point measurements of backscatter
shown in Figure 6. The backscatter curve for
Phase III mantled pahoehoe, however, is distin-
guishable clearly from both of the higher-return
units of Phase III unmantled hummocky pahoe-
hoe at each polarization (Fig. 7). The back-
scatter data for Phase III mantled pahoehoe,
although slightly higher return, overlap those of
Phase 1 platform pahoehoe at ~40° incidence
angle. Apparently the smoothing effects of the
mantling deposits inhibit clear separation of the
youngest, Phase Il mantled pahoehoe and the
oldest, intrinsically smoother, Phase I platform
pahoehoe. All of the volcanic units in this study
have higher radar returns and are distinguishable
from the low-return, smooth alluvial fan and
playa units at L-band wavelength scales (Figs. 3
and 6). Again, these curves (Fig. 6) show that
the greatest degree of separation, and thus the
best unit discrimination, is observed at ~40° to
50° incidence angles.

DISCUSSION

Several important observations can be made
from backscatter data from Pisgah volcanic
field. In part because of the incidence-angle
range of the AIRSAR data (~25°-55°), back-
scatter curves primarily show diffuse (for HH
and VV data) and/or multiple (for HV data)
scattering for all volcanic units in this study. As
compared to the schematic backscatter curves of
Figure 4, all of the backscatter curves for Pisgah
(Fig. 5) show scattering behaviors typical of
very rough surfaces. Zebker and others (1987)
have indicated that a first-order Bragg scattering
model does not account adequately for the scat-
tering behavior of very rough surfaces typical of
lava flows. These backscatter curves show that
only mantled (Fig. 6¢) and platform pahoehoe
(Fig. 6f) might generously be considered to pro-
duce backscatter curves of radar-smooth sur-
faces and thus to be suitable for modeling as
Bragg-like surfaces. In addition, different textur-
al types of unmantled aa and pahoehoe are not
distinctive in their backscatter signatures; surface
textural distinctions that can be made in the field
among these rough units (such as proximal and
distal aa) cannot be clearly deduced from back-
scatter curves. These curves thus allow compari-
son with theoretical models and discrimination
of types of scattering, but the radar images show
spatial and image textural relations (and en-
hanced unit discrimination) that are difficult to
recognize in the curves. For example, although
enhanced unit discrimination at cross polariza-
tions is observed on the radar images (Fig. 3),
such an enhancement is only suggested by the
curves (Figs. 5 and 6). The use of both radar-
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Figure 5. Calibrated radar backscatter curves for eight major units at Pisgah in order of
decreasing roughness. Curves are shown for horizontally (HH), cross-polarized (HV), and
vertically (VV) polarized data at C- (5.6 cm), L- (24 cm), and P-band (68 cm) wavelengths.

image and quantitative-backscatter data is war-
ranted for the most effective geologic interpreta-
tion of volcanic terrains. The radar images also
provide the best wavelength comparisons: at C-
band, most volcanic units are high return and
thus radar rough at 6~cm scales; at P-band, more
backscatter or image-brightness differences
among the lava flows are observed, but many
units are similar at 70-cm scales; at the 25-cm
L-band scale of roughness and average surface
texture, units are more distinctive and thus
brightness differences among them are distinc-
tive, especially at crossed polarization (LHV).
These observations indicate that LHV image

data, responsive to surface structure or average
texture at ~25-cm scales, are the most useful for
characterization of the lava flows at Pisgah.
Further work with radar data of other, texturally
different, volcanic terrains is necessary to deter-
mine whether this result is general or applicable
only to the Pisgah volcanic field and these AIR-
SAR data.

These observations of multiparameter back-
scatter relations among different lava-flow units
at Pisgah volcanic field support many of the
interpretations of previous workers. Simultane-
ously acquired multipolarization and multi-
wavelength radar data remove the temporal
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differences that may cause problems in interpre-
tation of data acquired at different times (Dell-
wig and Moore, 1966). Combined direct- and
cross-polarized radar data provide enhanced
lava-flow discrimination (Dellwig and Moore,
1966; Dellwig, 1969); longer-wavelength data
such as L-band data are more useful for studies
of volcanic deposits, because such rough sur-
faces appear almost uniformly high return at
shorter wavelengths (Schaber and others, 1980;
Farr and Engheta, 1983; Theilig and others,
1989). In contrast to the conclusion of Blom and
others (1987) that shorter wavelengths, smaller
incidence angles, and horizontally polarized data
are best for lava-flow discrimination, the back-
scatter data presented here indicate that longer
wavelengths, larger incidence angles, and cross-
polarized data are most useful for separation of
lava flows at Pisgah. It should be noted that if
incidence angles below ~25° are removed from
consideration in the statistical selection of syn-
thesized imaging-radar configurations of Blom
and others (1987), longer wavelength, cross-
polarized data would be more significant in their
results. Unlike the result of Theilig and others
(1989) that Phase IT aa and Phase IIT unmantled
pahoehoe are difficult to separate in CHH and
LHH scatterometer data, backscatter data pre-
sented here (Fig. 7) show clear separation of the
Phase IT aa and Phase III pahoehoe at all three
polarizations, particularly LHV.

It is difficult to compare the scatterometer
data of Blom and others (1987) and Theilig and
others (1989) with backscatter data presented
here for several reasons. Backscatter data at
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Figure 7. Plots of calibrated backscatter coefficient versus lava eruptive phase at incidence angles of 45° +3°
for the same six Pisgah lava units as in Figure 6 (with the addition of a single Phase I mantled pahoehoe unit,

denoted P1 mpah).

smaller incidence angles (<20°) were prominent
in their analyses of scatterometer data. Lava
flows at Craters of the Moon (Blom and others,
1987) may not be texturally comparable with
those at Pisgah, and only “typical” aa, paboehoe
(Phase III hummocky pahoehoe), and mantled
pahoehoe (actually a Phase I mantled pahoehoe
unit) were used in the Theilig and others (1989)
analysis.

The availability of these calibrated data and
the strong dependence of radar backscatter on
surface roughness suggest that radar might be a
useful tool for estimating lava-flow ages (for ex-
ample, Farr, 1985; Blom and others, 1986). Al-
though with only three eruptive phases of
unknown ages, the Pisgah data are not the best
to use for such a demonstration, they do permit
statements to be made about the use of radar
data for the relative dating of flows. First, it is
expected that lava-flow roughness and thus
radar brightness decreases as a flow ages, so, in
the Figure 7 plot of backscatter versus flow
eruptive phase at three wavelengths, positive
slopes are anticipated and are observed at P- and
L-bands. At C-band in Figure 7, the distribution
of data for all lava phases is approximately flat,
in accordance with the nearly uniform rough-
ness of these deposits at 6-cm scales of rough-
ness. Regardless of relative age, however, aa is
intrinsically rougher (and thus higher return)
than pahoehoe, and a rise corresponding to the
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Phase 1I aa is observed in each distribution in
Figure 7. This rise might be disregarded on the
basis of our knowledge of the flow textures pres-
ent at Pisgah, but, as observed in Figure 3, it is
not always obvious on radar images which is aa
and which is pahoehoe. Phase I pahoehoe flows
are observed to be smoother than those of Phase
I (for example, Wise, 1966). This difference
can be seen at P- and L-band wavelengths in
Figure 7, where data for unmantled Phase I pa-
hoehoe (open symbols) closely overlap those for
mantled Phase 1 pahoehoe (filled symbols)
(Aa°phh =17 dB; Ao°phv =17 dB; Aa°pw =
0.9 dB; Ao®pp = 2.4 dB; Ac®y,, = 0.6 dB;
Ao°Ly = 0.2 dB), particularly at VV polariza-
tions (where response to vertically oriented scat-
terers is likely to be highest). In the case of P-
and L-band responses to Phase III lavas, the two
unmantled pahoehoe units (open symbols) and
one mantled pahoehoe unit (filled symbols) are
clearly distinguishable at both HH and VV po-

larizations (A c®ppp = 2.0 dB; Ac®ppy = 2.5 dB;

A(Iopvv =20 dB; AOOth =37 dB, AGOLhV =
2.3 dB; Ac®p v = 3.5 dB). Note that, as observed
in Figure 5, average backscatter for the un-
mantled Phase I pahoehoe is closest to that of
the mantled Phase III pahoehoe. Because Phase
I pahoehoe is intrinsically smoother than Phase
IIT pahoehoe, it is expected that less mantling
material would be required to smooth out its
surface. These backscatter relations among
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known Pisgah flow textures indicate that the use
of radar data for estimating lava-flow ages re-
quires two assumptions: that primary flow tex-
tures are very similar and that modification
processes act uniformly. Thus radar backscatter
data can best be used for lava-flow age charac-
terization where primary textures and modifica-
tion processes are well understood.

CONCLUSIONS

The following conclusions can be derived
from these detailed analyses of radar backscatter
relations among lava flows at Pisgah volcanic
field. At all wavelengths and polarizations, the
roughest units (Phase II aa flows) are clearly
higher return than, and can be distinguished
readily from, all other geologic units within the
study area. Hummocky (Phase III) pahochoe
flows are also clearly identifiable as separate
units on the basis of their intermediate radar
returns. Accurate discrimination, however, of
very smooth lava surfaces (such as the Phase I
platform pahoehoe) from surfaces of greater
primary roughness that have been modified
(such as the Phase III mantled pahoehoe) is dif-
ficult; it must rely on supporting observations
such as evidence of localized weathering and/or
sediment deposition, contrast with surrounding
units, and superposition of flow units.

The backscatter curves (with ~25°-55° inci-



dence angles) presented for most Pisgah lava
flows (Figs. 5 and 6) show diffuse and/or multi-
ple scattering behavior typical of “very rough”
surfaces (Fig. 4a). Only mantled (Fig. 6e) and
platform pahoehoe (Fig. 6f) units exhibit back-
scattering behavior that might be considered
typical of “medium rough” or “slightly rough”
surfaces (Fig. 4a). Roughness measurements
(surface-height standard deviations, or “rms
heights”) for Pisgah lava flows include values of
6.5-7.5 cm for Phase III mantled pahoehoe
{Wall and others, 1991), 13.8 cm for Phase II
aa, 3.0 cm for Phase I mantled platform pahoe-
hoe (S. Wall, 1989, personal commun.), and 2.9
cm for Phase I platform pahoehoe (van Zyl and
others, 1991). These backscatter curves and
roughness data suggest that simple scattering
models (for example, Bragg scattering, small
perturbation model; Ulaby and others, 1982)
that are applicable to “slightly rough” surfaces
(for example, approximately flat surfaces with
rms heights <5% of the radar wavelength, or
<3.4 c¢m for P-band, <1.2 cm for L-band, and
<0.3 cm for C-band) are not appropriate for
application to many lava flows. This observation
is supported by results of Zebker and others
(1987) who showed that a first-order Bragg scat-
tering model does not account adequately for
the scattering behavior of the very rough sur-
faces typical of lava flows. Results of van Zyl
and others (1991) also indicate that only the
Phase I platform pahoehoe is smooth enough
among lava flows at Pisgah to warrant applica-
tion of the small-perturbation scattering model.
Empirical roughness versus scattering relations
derived from data such as these calibrated AIR-
SAR data might be most appropriate for deriva-
tion of scattering properties of volcanic terrains.

On the basis of image and backscatter rela-
tions, discrimination among texturally distinct
volcanic units at Pisgah is best at L-band wave-
lengths and cross-polarization, and incidence-
angle variation is the least influential parameter.
Smoother surfaces (mantled pahoehoe and plat-
form pahoehoe), however, show a greater de-
pendence on incidence-angle variation than do
rougher surfaces. For distinguishing volcanic
units at Pisgah, L-band is the best overall wave-
length, cross-polarized data show the best sur-
face textural discrimination, and incidence an-
gles from ~40° to 50° are optimal. Although an
appropriate scattering model for most lava flow
surfaces has not been identified, these results in-
dicate that scattering in the 40° to 50° incidence-
angle range produces radar signatures that are
most distinctive for lava-flow surfaces with
average roughnesses or textures in the 25-cm
(L-band) wavelength size range.

LAVA-FLOW CHARACTERIZATION, CALIFORNIA

Although it is reasonable to postulate that av-
erage flow brightness decreases with flow age,
the extreme brightness of the Phase II aa flow at
Pisgah can be assumed to be related to a
primary-emplacement texture that is intrinsi-
cally rougher than the surrounding intermediate-
return units. Thus the age of the aa unit,
apparently younger strictly on the basis of aver-
age radar backscatter, is actuaily indeterminate
on the basis of these radar data. Likewise, the
oldest Phase 1 platform pahoehoe is difficult to
distinguish from the youngest mantled Phase III
hummocky pahoehoe. The use of average
backscatter alone for relative lava-flow dating
may yield ambiguous results if primary flow tex-
tures and modification processes are not well
understood.

These results provide important constraints
on the selection of optimal radar-imaging pa-
rameters for the geologic characterization of
volcanoes (for example, Magellan and the
planned NASA SIR-C and EOS missions).
Furthermore, the backscatter data presented
here may provide guidelines for the identifica-
tion of a variety of lava-flow textures and the
subsequent interpretation of eruptive histories of
volcanic terrains on Earth as well as on other
planets such as Venus.
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