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Abstract

We investigate the surface deformation of the eastern California area that includes Long Valley caldera and Mono Basin. We apply the SAR
Interferometry (InSAR) algorithm referred to as Small BAseline Subset (SBAS) approach that allows us to generate mean deformation velocity
maps and displacement time series for the investigated area. The results presented in this work represent an advancement of previous InSAR
studies of the area that are mostly focused on the deformation affecting the caldera. In particular, the proposed analysis is based on 21 SAR data
acquired by the ERS-1/2 sensors during the 1992-2000 time interval, and demonstrates the capability of the SBAS procedure to identify and
analyze displacement patterns at different spatial scales for the overall area spanning approximately 5000 km?®. Two previously unreported
localized deformation effects have been detected at Paoha Island, located within the Mono Lake, and in the McGee Creek area within the Sierra
Nevada mountains, a zone to the south of the Long Valley caldera. In addition a spatially extended uplift effect, which strongly affects the caldera,
has been identified and analyzed in detail. The InSAR results clearly show that the displacement phenomena affecting the Long Valley caldera
have a maximum in correspondence of the resurgent dome and are characterized by the sequence of three different effects: a 1992—-1997 uplift
background, a 1997—1998 unrest phenomenon and a 1998-2000 subsidence phase. Moreover, the analysis of the retrieved displacement time
series allows us to map the extent of the zone with a temporal deformation behavior highly correlated with the detected three-phases deformation
pattern: background uplift-unrest-subsidence. We show that the mapped area clearly extends outside the northern part of the caldera slopes;
accordingly, we suggest that future inversion models take this new evidence into account. The final discussion is dedicated to a comparison
between the retrieved InNSAR measurements and a set of GPS and leveling data, confirming the validity of the results achieved through the SBAS-
InSAR analysis.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The Long Valley caldera and Mono Basin are located in
eastern California, in an area surrounded to the west by the
Sierra Nevada and to the east by the White Mountains. The
Long Valley caldera, an east—west elongate oval depression
with an extent of approximately 17 km by 32 km, was formed
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about 0.76 Ma B.P. (Hill & Prejean, 2005). Subsequently,
between 0.76 and 0.6 Ma B.P., the caldera uplift and the
rhyolitic lava flows eruption, referred to as early rhyolite,
formed the resurgent dome (Bailey, 1989; Hill & Prejean,
2005).

The Mono Basin consists of several landforms belonging to
different volcanic centers such as the Mono and Inyo chains, the
Paoha and Negit Islands and some others (see Bursik & Sieh,
1989) with the centers of the basin being formed within the last
40,000 years.
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Starting from the end of the 1970s and continuing to present,
the Long Valley caldera and the Mono Basin have experienced
seismicity and surface deformation above the background levels
(Hill et al., 1991; Langbein et al., 1993, 1995; Langbein, 2003;
Newman et al., 2006). The most recent of these phenomena
affected the Long Valley caldera, characterized by a significant
unrest period occurring between 1997 and 1998. In this case, an
inflation phenomenon slowly started in mid-1997 and then
exponentially increased in late 1997, before rapidly returning to
quiescence by mid-1998. The effects of this unrest episode were
recorded via the exploitation of several geophysical instruments
deployed in the area (including seismometers, EDM, dilat-
ometers, tiltmeters and GPS) and via a leveling campaign that
was carried out in 1997, following those performed in 1995 and
1992 (Battaglia et al., 2003a, b, c; Langbein, 2003).

We investigate in this study the deformation of Long Valley
caldera and Mono Basin by applying the differential SAR
Interferometry (InSAR) technique (Gabriel et al., 1989; Masson-
net et al., 1993). This approach generates spatially dense ground
deformation maps, obtained by computing the phase difference
(interferogram) of two temporally separated SAR images, with
the measured displacements representing the projection of the
surface deformation on the SAR sensor line of sight (LOS).

In particular, the InSAR results presented here have been
obtained by applying the algorithm referred to as Small BAseline
Subset (SBAS) approach (Berardino et al., 2002), and represent
an advancement over previous InSAR studies of the area. Most of
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the existing literature is focused on the deformation affecting the
Long Valley caldera only (Fialko et al., 2001; Hooper et al., 2004;
Newman et al., 2006; Thatcher & Massonnet, 1997). In contrast,
we considered an expanded investigation zone extending for
approximately 5000 km?, including Long Valley caldera and
Mono Basin, and we identified and analyzed both localized and
large scale deformation effects, some of these being previously
unreported. Moreover, the works of Fialko et al. (2001), Newman
et al. (2006) and Thatcher and Massonnet (1997) utilize a small
number of interferograms spanning specific deformation episodes
and generated by using conventional InSAR processing. We use a
significantly larger amount of SAR data and interferograms in
order to follow the evolution of the detected deformation
phenomena via the generation of displacement time series
relevant to the whole period of observation. In this sense, our
analysis is more similar to the work of Hooper et al. (2004) that,
however, is just focused on the central area of the caldera and is
carried out by using a Persistent Scatterers Interferometry (PSI)
technique operating on full resolution (single-look) interfero-
grams. In contrast, the applied SBAS approach allows us to
analyze averaged (multilook) interferograms, thus reducing the
amount of data to be processed and being very well adapted to
geophysical phenomena over large spatial scales.

The paper is organized as follows: first, the geological setting
and the recent dynamics of Long Valley caldera and Mono
Basin are presented. Subsequently, the SBAS algorithm is
described, highlighting the key characteristics and the main
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Fig. 1. Simplified geological map of Long Valley caldera and Mono Basin superimposed to the shaded relief of the Digital Elevation Model of the zone. The thick lines
represent the main regional structures of the Sierra Nevada and White Mountains. The thin lines show the inner structures present in the area (data modified from
Bailey (1989) and Hill and Prejean (2005)). The blue line identifies the main limits of Mono Basin as indicated by Bursik and Sieh (1989). The inset in the upper right

corner shows the location of the study area.
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steps of the applied procedure. This analysis is followed by the
presentation and discussion of the computed SBAS-InSAR
results. A comparison with independent geodetic data is then
presented. The last section is focused on the main conclusions
of the work and on future developments. In the Appendix,
analytical details about the SBAS technique are given.

2. Geological setting and recent dynamics of Long Valley
caldera and Mono Basin

The Long Valley caldera is an east—west elongate, oval
depression, located northwest of the Owens Valley rift, forming an
embayment in the Sierra Nevada escarpment (Bailey, 1989; Hill &
Prejean, 2005), see Fig. 1. The main Long Valley caldera ring
fault, presumably a sub-circular or elliptical fault (Fig. 1), is not
exposed but its general location is suggested by the distribution of
the moat rhyolite vents peripheral to the resurgent dome.

Volcanism in the Long Valley area (Bailey, 1989, 2004)
began about 3.6 Ma B.P. with widespread eruption of
trachybasaltic—trachyandesitic lavas (Hill & Prejean, 2005).
At 0.76 Ma B.P., the Bishop Tuff eruption occurred forming the
oval depression of the Long Valley caldera. The distribution of
the resulting deposits is sketched in Fig. 1.

Recent tectonic and apparent magmatic unrest within Long
Valley caldera suggest that brief episodes of such magmatic
injection may have occurred between 1980 and 1986 (Bailey,
1989; Sorey et al., 2003) and in correspondence with the unrest
phenomenon between 1997 and 1998 (Battaglia et al., 1999;
Battaglia et al., 2003a, b; Hill et al., 2003; Langbein, 2003).

Mono Basin consists of several landforms including the
Mono craters and the northern part of the Inyo chain, the Paoha
and Negit Islands within the Mono Lake, Black Point, and some
others (Bursik & Sieh, 1989) as sketched in Fig. 1. The centers
of Mono Basin were formed within the last 40,000 years.
Moreover, the spatial distribution of the different age magmas
suggests that the fissure system propagated northward (Bailey,
1989; Hildreth, 2004), see Fig. 1.

The northern volcanic centers of the basin are located in
Mono Lake that is a vestige of the much larger Pleistocene Lake
Russell. In Mono Lake, several small dacite cinder cones and
flows formed Negit Island and the northeast corner of Paoha
Island about 2000 years B.P. Most of Paoha Island is composed
by lake sediments that were uplifted from the lake bottom,
probably by intrusion of the latter rhyolite dome (Bailey, 1989;
Bursik & Sieh, 1989). The uplift of Paoha Island and extrusion
of the associated rhyolite may have occurred between 1720 and
1850 A.D. (Stine, 1984).

3. Short description of the SBAS algorithm

Differential SAR interferometry is a remote sensing
technique, allowing us to detect and analyze surface deforma-
tion, that was first applied to investigations of single
deformation episodes (Massonnet et al., 1993; Peltzer &
Rosen, 1995). More recently, it has been used to analyze the
temporal evolution of deformation obtained through the
inversion of an appropriate sequence of differential interfero-

grams. Several InSAR time series approaches have been
developed. One such approach, proposed by Ferretti et al.
(2000) and referred to as the Permanent Scatterers (PS)
technique, operates on the full resolution data. Single-look
interferograms (Rosen et al., 2000) are generated with respect to
a single master image without constraints on the spatial and
temporal separation (baselines) of the SAR data acquisitions.
Accordingly, only those pixels that are not affected by noise
effects, referred to as temporal and spatial decorrelation
phenomena (Zebker & Villasenor, 1992), can be exploited.
Based on the PS approach, several algorithms (Hooper et al.,
2004; Werner et al., 2003) have been further developed and are
generally referred to as Persistent Scatterers techniques.

In this work, we apply a different approach referred to as the
Small BAseline Subset algorithm (Berardino et al., 2002). This
technique implements an easy combination of the SAR
interferograms generated from an appropriate selection of SAR
data pairs characterized by a small spatial and temporal baseline.
The key objective of the data selection is to mitigate the
decorrelation phenomena, maximizing the number of pixels
exploited. In contrast to the Permanent and Persistent Scatterers
techniques, the SBAS approach can analyze interferograms
generated by a complex averaging operation, referred to as
complex multilooking, applied to the full resolution data (Rosen
et al., 2000). This is a relevant issue because the possibility to
analyze multilook interferograms allows us to reduce the amount
of data to be processed, thus simplifying the investigation of
extended areas. In this section we briefly summarize the basic
rationale of the SBAS technique, providing a short explanation of
the main steps implementing the approach. Analytical details
about the technique are given in the Appendix.

The SBAS algorithm begins with a selection of SAR image
pairs, characterized by small spatial and temporal baselines, that
are used to generate a set of multilook interferograms exploited
by the technique. Subsequently, the coherent pixels, i.e., the
pixels where the noise effects can be assumed negligible, are
identified by analyzing the coherence maps that are jointly
computed with the interferograms (Rosen et al., 2000). The next
step is to perform phase unwrapping, i.e., the retrieval of the
original (unwrapped) interferometric phase from the modulo-27
restricted (wrapped) signal directly computed from the
generated interferograms. The key element of the unwrapping
operation is represented by the minimum cost flow approach
proposed by Costantini and Rosen (1999), that allows us to
analyze data available on the sparse grid relevant to the coherent
pixels (see Appendix for more details). On the unwrapped
interferograms, the estimation of the deformation time series is
carried out; this also includes a decoupling of the required
deformation signal component from the undesired phase
patterns, referred to as topographic and atmospheric artifacts.
This result is obtained via the solution of a linear system of
equations followed by an appropriate filtering operation based
on exploiting the characteristics of these undesired phase
patterns. This finally leads to the generation of the required
deformation time series.

As a final remark, we underline that an estimate of the
quality of the results is carried out on the pixels where the
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deformation retrieval procedure has been applied. To achieve
this task, we introduce the factor 7, usually referred to as
temporal coherence, that is computed, pixel by pixel, as follows:

M

5 eli(agi-53,)|

k=1

i 0=<vy<l, (1)
where M represents the number of the generated interferograms,
S PP and 8¢y, Vk=1,..M, represent the k-th original
wrapped and the “reconstructed interferogram”, respectively,
the latter computed from the retrieved results. Note that for
pixels where y — 1, we expect that no errors are present, since a
nearly perfect retrieval of the original phase has been obtained.
Moreover, we remark that no a priori model is assumed for the
evaluation of the temporal coherence factor in Eq. (1). This is
again in contrast to what is implemented in the Permanent and
Persistent Scatterers techniques.

The availability of the temporal coherence factor y in Eq. (1)
leads us to identify the pixels where reliable information have
been retrieved. More specifically, they are those characterized
by a temporal coherence value greater than a selected threshold.
Based on the selected threshold, we may identify and discard
the pixels that are characterized by significant unwrapping
errors and/or that “coherently” contribute only to a portion of
the generated interferograms (partially coherent targets) which
is not significant for retrieving reliable information.

In summary, the SBAS technique exploits standard multi-
look interferograms to detect and follow the evolution of surface
deformation with high degree of temporal and spatial coverage.
This is achieved by using nearly all the available SAR
acquisitions but exploiting only those InSAR data pairs with
small baseline values.

We finally remark that the SBAS approach does not need
dedicated InSAR processing and is easily implemented as a

Table 1

ERS SAR acquisitions on descending orbits (Track 485, Frame 2845)
Mission Orbit Day Month Year
ERS1 4638 4 6 1992
ERS1 6141 17 9 1992
ERS1 11151 2 9 1993
ERSI1 12153 11 11 1993
ERS1 20513 17 6 1995
ERSI 21014 22 7 1995
ERS1 22016 30 9 1995
ERS2 2844 5 11 1995
ERS1 25523 1 6 1996
ERS2 5850 2 6 1996
ERS2 11361 22 6 1997
ERS2 13365 9 11 1997
ERS2 16872 12 7 1998
ERS2 17373 16 8 1998
ERS2 17874 20 9 1998
ERS2 18375 25 10 1998
ERS2 22383 1 8 1999
ERS2 22884 5 9 1999
ERS2 23886 14 11 1999
ERS2 27393 16 7 2000
ERS2 27894 20 8 2000

Table 2
ERS SAR interferograms computed from the acquisitions listed in Table 1

Interferogram Bperp [m] Btemp [days]
04 06 1992-17 09 1992 —143 105
04 06 1992-30 09 1995 =11 1213
04 06 1992-22 07 1995 183 1143
04 06 199205 11 1995 -96 1249
17 09 1992-05 11 1995 47 1144
17 09 1992-30 09 1995 132 1108
02 09 1993-22 06 1997 74 1389
02 09 1993-22 07 1995 —165 688
02 09 1993-11 11 1993 134 70
11 11 1993—17 06 1995 64 583
11 11 1993-22 06 1997 —60 1319
17 06 1995-16 08 1998 -4 1156
22 07 1995-30 09 1995 —194 70
22 07 1995-22 06 1997 239 701
22 07 1995-05 11 1995 =279 106
30 09 1995-05 11 1995 -85 36
05 11 1995-14 11 1999 167 1470
01 06 1996-02 06 1996 75 1
01 06 1996-09 11 1997 -98 526
01 06 1996-12 07 1998 20 771
01 06 1996-05 09 1999 =71 1191
02 06 1996-12 07 1998 =55 770
02 06 1996-09 11 1997 -174 525
22 06 1997-01 08 1999 —225 770
22 06 1997-16 08 1998 119 420
22 06 1997-09 11 1997 328 140
09 11 1997-05 09 1999 27 665
09 11 1997-12 07 1998 118 245
09 11 1997-20 09 1998 -100 315
09 11 1997-16 08 1998 -209 280
09 11 1997-16 07 2000 67 980
12 07 1998-16 07 2000 =51 735
12 07 1998-05 09 1999 -92 420
16 08 1998-20 09 1998 109 35
16 08 1998-05 09 1999 236 385
20 09 1998-16 07 2000 167 665
20 09 1998-05 09 1999 127 350
2510 1998-01 08 1999 60 280
2510 1998-14 11 1999 —66 385
2510 1998-20 08 2000 4 665
01 08 1999-14 11 1999 —125 105
01 08 1999-20 08 2000 =55 385
05 09 1999-16 07 2000 40 315
14 11 1999-20 08 2000 70 280

Note that the interferogram names identify the dates of the acquisitions by using
the following format: dd mm yyyy—dd mm yyyy; the factors “Bperp” and
“Btemp” indicate the spatial and temporal baseline values, respectively.

post-processing step applied to the set of interferograms that
may be generated by already available interferometric data
processing tools. The efficacy of the SBAS approach is
highlighted in the quantitative analysis of SBAS displacement
measurements by Casu et al. (2006).

4. SBAS-InSAR results
4.1. Presentation and discussion
We processed a set of 23 descending orbit SAR images (Track

485, Frame 2845), acquired by the ERS-1/2 sensors from June
1992 to October 2000, that we used to produce our
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Fig. 2. SBAS-InSAR results: a) InNSAR mean LOS deformation velocity map (in color) relevant to the 1992—-2000 time interval, computed only in the coherent areas
shown in the following Fig. 3 and superimposed to the shaded relief of the DEM (grey scale) of the investigated zone. Note that the white triangles (labeled as PI, MC,
RD, NC, OC and CD) indicate the six pixels relevant to the plots shown in the following Fig. 4. The blue dashed lines indicate the three selected cross-sections relevant
to the plots shown in Fig. 5 and labeled as AA’, BB’ and CC’, respectively. The boundaries of the caldera and of the resurgent dome have been identified by the dashed
white and yellow lines, respectively. Finally, the white square identifies the reference SAR pixel. b) Zoomed view of Paoha Island: the InSAR mean deformation
velocity map (with indicated the location of the pixel labeled as PI), superimposed to an orthophoto of the area, and the lithologic map of the island (data modified from
Bailey (1989)) are shown on the left and on the right hand side of the figure, respectively. ¢) Zoomed view of the InNSAR mean deformation velocity map relevant to the
McGee Creek area superimposed to an orthophoto of the zone, with highlighted the location of the pixel labeled as MC.

interferograms. In particular, a Shuttle Radar Topography Mission ~ operation was performed with 4 range looks and 20 azimuth
(SRTM) Digital Elevation Model (DEM) (Rosen et al., 2001) of  looks, resulting in a final pixel size of approximately 90 m by
the study area and precise orbital information were used for the 90 m. Overall, we generated for each SAR acquisition the
interferograms generation. Moreover, a complex multilook 5 interferograms with the smallest perpendicular baseline as long
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Fig. 3. Grey scale representation of the temporal coherence map relevant to the
investigated area, computed according to Eq. (1).

as it is less than 350 m and the temporal separation is less than
4 years. On these interferograms a further selection was carried
out; in particular, we chose those with at least 20% of the pixels
characterized by a coherence value greater than 0.30. This
procedure led us to exclude 24 interferograms and to remove two
SAR acquisitions (November 1998 and October 2000) where the
snow coverage significantly affected the interferogram’s coher-
ence, see Table 1. Accordingly, 44 interferograms were finally
selected, see Table 2.
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Let us now illustrate the computed SBAS-InSAR results. In
order to provide an overall picture of the detected deformation
pattern, we present the geocoded InSAR mean deformation
velocity map superimposed on a 75 km by 75 km shaded relief
of the DEM of the study area (Fig. 2a). The velocity map was
computed with respect to a reference pixel represented by a
white square and is relevant to coherent pixels only. Note that
these pixels have been identified by using the temporal
coherence map, see Fig. 3, computed according to Eq. (1); in
particular, we selected those pixels characterized by a temporal
coherence greater than 0.7, that is a typical value in InSAR
applications (Borgia et al., 2005; Casu et al., 2000).

Several deforming areas can be identified in the mean
deformation velocity map of Fig. 2a. Of particular interest are
two previously unreported localized deformation effects that can
be seen. One is Paoha Island located within the Mono Lake,
highlighted in the left hand side of Fig. 2b. The second
deformation pattern affects a zone to the south of the Long
Valley caldera, in McGee Creek within the Sierra Nevada
mountains; a zoomed view of this phenomenon is shown in
Fig. 2c. In addition to these localized patterns, a spatially
extended uplift effect is clearly visible in Fig. 2a. It strongly
affects the Long Valley caldera area but additional uplifting
phenomena, also in this case not reported before, are clearly
visible to the north of the caldera, particularly in the area
between Adobe Valley and Cowtrack Mountain (see Fig. 1 for
reference). The spatial and temporal evolution of deformation
for each of these deforming areas is discussed below.

Paoha Island in Mono Lake shows high temporal coherence
values (thus ensuring a reliable retrieval), see Fig. 3, and is
characterized by a significant subsidence of the lava domes in
the northern side zone, with respect to the lacustrine and
landslide sediments that form the central and southern part of
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Fig. 4. InSAR LOS deformation time series for the pixels marked by the white triangles labeled in Fig. 2a as PI (Fig. 4a), MC (Fig. 4b), RD (Fig. 4c), NC (Fig. 4d), OC
(Fig. 4e) and CD (Fig. 4f), respectively. Note that in Fig. 4c the best fit linear trends of the InSAR time series relevant to the 19921997 uplift background (dashed
line), 1997-1998 unrest phenomenon (continuous line) and 1998—2000 subsidence phase (dotted line) have been plotted.
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Fig. 5. Plots of the detected LOS displacements measured in correspondence of the first SAR acquisition for each year of observation (1993, 1995, 1997, 1998, 1999,
2000), and evaluated with respect to June 1992, for the three cross-sections labeled in Fig. 2a as AA’ (Fig. 5a), BB’ (Fig. 5b) and CC’ (Fig. 5¢), respectively. Moreover,
the beginning as well as the end of each line have been highlighted by capital letters. Note also that in Fig. 5a—c the dome and the caldera indicative boundaries have
been highlighted, the latter represented by dashed vertical lines. The location of the Casa Diablo site is also highlighted in Fig. 5b. Note that the colored dots identify
the data points while the dashed lines have been drawn for visualization purposes only.

the island (Fig. 2b). This could be explained as the result of an
anisotropic distribution of gravitational stress due to different
lithologies present in the island (lavas and landslides sediments)
that load over the water-saturated floor lacustrine sediments. It
is also worth noting that the deformation effect in this zone is
rather continuous, as clearly shown by the plot of Fig. 4a that
presents the temporal evolution of the displacements relevant to
the pixel labeled as PI in Fig. 2a and b.

The McGee Creek deformation (Fig. 2¢), is characterized by
a nonlinear deformation behavior with a subsidence effect that
is mostly concentrated in the last year of observation (see the
Fig. 4b, plot of the pixel labeled as MC in Fig. 2a and c). In this
case, the detected phenomenon is very likely related to a slope
instability effect, although possible interaction with the
dynamics of Long Valley caldera, that are discussed in the
following analysis, cannot be excluded.

The large uplifting area, clearly visible in Fig. 2a, has a
signal dominated by the deformation occurring in correspon-
dence with the Long Valley caldera. In particular, to better
investigate the geometry and the space-time characteristics of

the deformation fields, we have identified three sections in the
study area (dashed blue lines in Fig. 2a). For each of these
sections, we have plotted the detected LOS deformation
measured in correspondence of the first date of each year of
the investigated SAR image sequence and evaluated it with
respect to June 1992, which is assumed as reference’.

In considering the Long Valley caldera and surrounding area,
let us focus first on the plots shown in Fig. 4c and Fig. Sa—c.
The former is relevant to the deformation time series of the pixel
labeled as RD in Fig. 2a, that is located in the maximum
deforming area within the resurgent dome zone. The latter are
relevant to the three cross-sections labeled in Fig. 2aas AA’, BB/
and CC’, respectively, arranged with a sort of radial distribution
across the resurgent dome. From the analysis of these plots it
clearly appears that the deformation pattern is characterized by

! Note that we did not consider in our cross-sections the data relevant to
1996; in this case only two acquisitions were available to us with a very short
temporal separation (1 day), not guaranteeing an effective filtering of the
atmospheric phase artifacts (Casu et al., 2006).
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118° 37'W

37° 52'N

LOS Velocity [cm/year]

3

Fig. 6. Shaded relief of the DEM (grey scale) with superimposed the InSAR
mean LOS deformation velocity map (in color) relevant to the area including the
pixels showing a temporal deformation behavior with a correlation value greater
than 0.95, with respect to the time series (see Fig. 4c) of the pixel RD located
within the resurgent dome zone. Note that, at variance of Fig. 2a, no saturation of
the deformation velocity values has been applied. The location of the pixel NC
of Fig. 2a is also highlighted.

the sequence of three different effects: a 1992—-1997 uplift
background, a 1997-1998 unrest phenomenon and a 1998—
2000 subsidence phase. Note that these three different effects

38° 10'N
119° 18'W

LOS Velocity [cmiyear]

37° 33N
119° 28'W

have been highlighted in Fig. 4c where, for each time interval,
the best fit linear trend of the InSAR time series has been plotted.
Moreover, the location of the detected maximum displacement
area, shown in Fig. 5a—c, does not change significantly passing
from the background to the unrest and, finally, to the subsidence
phase. This is consistent with what was previously reported by
Battaglia et al. (2003a) and Langbein (2003).

We further remark that, by analyzing the retrieved deforma-
tion time series of the Long Valley caldera and surrounding
area, it appears that the shape of the deformation time series
inside the caldera (passing from the background to the unrest
and, finally, to the subsidence phase) is also retrieved externally
to the caldera rims (see for instance the plot in Fig. 4d for the
pixel labeled as NC in Fig. 2a). To better clarify this issue, we
have used the available InSAR results in order to detect the
pixels with a temporal deformation behavior that is highly
correlated (we considered the linear Pearson correlation
coefficient, Stanton (2001)) with the time series of the pixel
RD located within the resurgent dome zone (see Fig. 4c). The
mean deformation velocity map of the pixels with a correlation
value greater than 0.95 is shown in Fig. 6. It is evident that, even
for a rather restrictive correlation value (0.95), there are areas
located outside the northern part of the external slopes of the
caldera whose deformation behavior is strongly correlated with
that of the resurgent dome. We suggest that future inversion
models take this behavior into account.

Note also that no spatial filtering, that may have enhanced
the spatial correlation of the detected displacements, has been
applied to the retrieved deformation time series. Indeed, the
only spatial filtering operation that we carried out is relevant to
the atmospheric artifact signals that have been detected and

38° 02'N
118° 25'W

37° 24'N
118° 34'W

Fig. 7. InSAR mean LOS deformation velocity map shown in Fig 2a, with superimposed the white stars marking the GPS stations belonging to the USGS surveillance
network where a time-overlap with the SAR measurement is available. The black lines labeled as HW 395 and HW 203 indicate two leveling paths present in the area.
Also in this case the boundaries of the caldera and of the resurgent dome have been identified by the dashed white and yellow lines, respectively.
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Fig. 8. Comparison between the InNSAR LOS deformation time series (red
triangles) and the corresponding GPS measurements projected on the SAR
sensor LOS (black dots), for the pixels marked by the white stars in Fig. 7,
labeled as “casa” (Fig. 8a), “jnpr” (Fig. 8b), “knol” (Fig. 8c), “mwtp” (Fig. 8d)
and “rdom” (Fig. 8e), respectively. Note that, in the plot relevant to the “casa”
site (Fig. 8a) we present the InNSAR time series relevant to three SAR pixels (red
asterisks, diamonds and crosses) surrounding the GPS station. Moreover, the
time series obtained by averaging the data of these three pixels is also
represented by using the red triangle symbols.

subsequently filtered out; accordingly, this filtering step cannot
have affected the spatial correlation of the retrieved displace-
ment time series.

We further remark that additional analysis will also deserve
the previously unreported uplifting phenomena that occurs to the
north of the caldera, particularly in the area between Adobe
Valley and Cowtrack Mountain, where a rather continuous
deformation trend has been detected with a maximum value of
the mean deformation velocity of about 0.4 cm/year. This
corresponds to the pixel identified by the white triangle labeled
as OC in Fig. 2a, whose deformation time series is shown in
Fig. 4e. We may reasonably say that this area and, more
generally, those external to the map of Fig. 6 but showing a

significantly uplift effect, are still affected by the dynamics
associated with the stress source of the Long Valley caldera.

Finally, we note the temporal evolution of deformation in the
Casa Diablo geothermal area within the Long Valley caldera
(Fig. 4f, corresponding to the pixel labeled as CD in Fig. 2a). In
this case, it clearly appears that the general subsidence trend,
due to the geothermal station activity, is interrupted by the
caldera uplift during the unrest episode, see also the cross-
section BB’ presented in Fig. 5b. This effect is already known
(Howle et al., 2003) but it is reported here to underline the
retrieval capability of the SBAS approach of such localized
effects even if they occur in areas with a significantly different
deformation behavior.

4.2. Comparison with GPS and leveling data

We confirmed the validity of the results achieved via the
SBAS approach by carrying out a comparison between the
InSAR and a GPS and leveling network in the investigated area
(Fig. 7). In particular, we have exploited the data collected by
the USGS continuous GPS surveillance network (USGS),
which now includes 17 GPS stations operating since early 1993.
We selected those stations where a time-overlap with the SAR
measurements is available. These stations are identified in Fig. 7
by white stars and are labeled as “casa”, “jnpr”, “knol”, “mwtp”
and “rdom”. For each one of the selected GPS stations, we
compared the homologous InSAR and GPS time series, the
latter filtered by the regional trend and projected on the SAR
sensor line of sight in order to be consistent with the radar
observations.

The results of this comparison, presented in the plots of Fig. 8,
show good agreement between the InNSAR (red triangles) and
GPS (black dots) measurements. For the “casa” station site
(Fig. 8a), due to the lack of a coherent pixel in correspondence of
the GPS site, we have performed the comparison by averaging
the InSAR measurements of three pixels surrounding the GPS
station. These averaged data are represented in the plot by the red
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Fig. 9. Comparison between the cumulative displacements computed in the
1992-1997 time interval from the InSAR (red triangles) and the leveling (black
asterisks) data, the latter projected in LOS, for the two leveling lines labeled in
Fig. 7 as HW 395 (Fig. 9a) and HW 203 (Fig. 9b), respectively. The location of
the Casa Diablo site is also highlighted.
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f

Azimuth

Fig. 10. InSAR products relevant to the SAR data analyzed in Section 4, represented in the sensor geometry: a) coherence mask (coherent pixels are in white);
b) Delaunay triangulation of the coherence mask presented in a); ¢) temporal coherence map (grey scale).

triangles while the original InSAR measurements relevant to the
three selected pixels are indicated by the red asterisks, diamonds
and crosses, respectively. The generally good agreement
between the InSAR and the LOS-projected GPS data is evident
also in this case. We provided additional quantitative informa-
tion by computing the standard deviation of the differences
between the InNSAR and the LOS-projected GPS measurements
shown in Fig. 8, where available; the resulting standard
deviation is about 1.3 cm. Note that this value is greater than
the 5.6 mm computed by Casu et al. (2006) by comparing InSAR
deformation time series with GPS measurements available
through the SCIGN network of the Los Angeles area (Southern
California). We interpret this difference as due to the rather small
temporal overlap between the two data set and, particularly, to
the significantly more limited amount of SAR data available in
this study; indeed, we used 21 images for the InSAR time series
generation vs. the 42 ones exploited by Casu et al. (2006). This
represents a limiting factor for what concerns the atmospheric
filtering operation, justifying the increase of the standard
deviation value.

In the present study, we also considered the leveling data
acquired from the USGS network present in the region,
consisting of approximately 350 benchmarks monitored
through survey campaigns. We identified (Fig. 7) two
paths, following the Highways 395 and 203, respectively,
for which the data for 103 benchmarks were available to us
(Battaglia et al., 2003c). For each leveling line, we plotted
(Fig. 9) the cumulative displacements for 1992—1997
evaluated from the InSAR (red triangles) and the leveling
(black asterisks) data. The former was computed for coherent
pixels only and the latter projected in the radar LOS. In
contrast to the SAR/GPS comparison (where no assumptions
were carried out on the displacement characteristics), we
have assumed in this case that the detected deformation was
vertical, since the leveling measurements can only reveal the
vertical component of the displacements. The above assump-
tion is very likely responsible for some differences between
the SAR and leveling data, which appear in the right hand
side portion of the plots of Fig. 9; note that in these areas

significant horizontal deformation are present, as discussed
by Battaglia et al. (2003a) and Langbein (2003). In any case,
a rather good agreement between the deformation profiles
available from the leveling data and from the InSAR
measurements is observed.

Similarly to what was done for GPS data, we have computed
for the coherent pixels the standard deviation of the differences
between the InSAR and the LOS-projected leveling measure-
ments shown in Fig. 9: we obtained a standard deviation value
of approximately 1.5 cm. Also in this case the result is greater
than the 4.3 mm reported in Casu et al. (2006) and again this
disagreement can be partially attributed to the more limited
amount of available SAR data; moreover, the previously
reported horizontal deformation components, that are present
in the area, also play a significant role.

5. Conclusions and future developments

This paper is focused on the investigation of the surface
deformation affecting an area of approximately 5000 km? that
includes Long Valley caldera and Mono Basin, California. The
overall analysis is based on the exploitation of the SBAS-
InSAR approach applied to a SAR data set acquired by the
ERS-1 and ERS-2 sensors during the 1992-2000 time interval.

This study demonstrates the capability of the SBAS
procedure to investigate the space-time characteristics of the
deformation affecting the overall area and its capability to
generate detailed InSAR derived products. Moreover, this
analysis clarifies the relevance that the joint exploitation of the
spatial and temporal information relevant to the retrieved
displacements may have for discriminating spatially extended
effects from local deformation patterns. In particular, two
previously unreported localized deformation have been
detected. The first is at Paoha Island located within the Mono
Lake. The second affects a zone to the south of the Long Valley
caldera, in McGee Creek within the Sierra Nevada mountains. In
addition to these localized patterns, a spatially extended uplift
effect has been identified. It strongly affects the Long Valley
caldera area but additional uplifting phenomena, also in this case
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not reported before, are clearly visible to the north of the caldera
particularly in the area between Adobe Valley and Cowtrack
Mountain. Also, it has been shown that the displacement
phenomena at Long Valley have a maximum in correspondence
to the resurgent dome and are characterized by the sequence of
three different effects: a 1992—1997 uplift background, a 1997—
1998 unrest phenomenon and a 1998—2000 subsidence phase.
Moreover, we have identified the area where temporal
deformation behavior is highly correlated with that of the
resurgent dome. We remark that this zone also extends outside
the northern part of the external slopes of the caldera.

Finally, a comparison between the InSAR measurements and
a set of geodetic data has been presented, confirming the
validity of the results achieved through the SBAS-InSAR
analysis. In particular, we have shown that the computed
standard deviation values of the differences between the InNSAR
and the LOS-projected GPS and leveling measurements are of
about 1.3 cm and 1.5 cm, respectively.

As an additional remark, we also want to stress that this kind
of InSAR study is nowadays not only feasible, as shown in this
work, but that the produced results may be easily made
accessible to the scientific community. The deformation
measurements from this study can be analyzed via the web by
connecting at the IREA-CNR InSAR WEB GIS page (IREA).
Through this system, it is possible to query the data set relevant
to the Long Valley caldera and Mono Lake zones, getting
information on the spatial and temporal characteristics of the
detected displacements. Indeed, it is possible to zoom in an area
of interest and also to query, for each coherent pixel, the
retrieved deformation time series.

The availability of just one LOS-projected displacement
component did not allow us to carry out an investigation of the
horizontal and vertical components of the detected deformation.
The decoupling of the east—west and vertical deformation
components can be achieved by using SAR data acquired from
both ascending and descending orbits, as shown in previous
studies by Borgia et al. (2005), Lundgren et al. (2004) and
Manzo et al. (2006). However, this was not possible in this
study because the availability of ascending data collected by the
ERS systems is very limited for the investigated area. The
exploitation of data acquired by the ENVISAT-ASAR sensor
(Desnos et al., 1999), characterized by a significant multi-angle
viewing capability, is foreseen in future analyses.
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Appendix

In this section, we provide some analytical details about the
SBAS approach. We will follow the same notation as Berardino
et al. (2002) and we will assume the availability of a set of N+ 1
SAR images relative to the same area, acquired at the ordered
times (%....,ty) and co-registered with respect to a single image
(referred to as master) in order to have a common reference grid.

The first step of the SBAS technique is the generation of a
number, say M, of multilook differential interferograms, each of
these representing the phase difference between SAR image
pairs after removal of the topographic phase contribution
(Massonnet et al., 1993). A key issue of the SBAS procedure is
the appropriate selection of the data pairs used to generate the
interferograms, whose main objective is to mitigate the
decorrelation phenomena that decrease the signal-to-noise
ratio of the interferometric phase (Zebker & Villasenor, 1992).
The above mentioned SAR image pairs selection is based on the
introduction of constraints on the maximum spatial and
temporal baselines. Moreover, an additional selection is carried
out on the generated interferograms in order to choose those
with a significant amount of coherent pixels, the latter identified
from the spatial coherence maps jointly computed with the
interferograms. Subsequently, we generate the so-called
“coherence mask” (Fig. 10a) obtained by considering those
pixels that, for a significant portion or even for the entire
interferogram sequence, have an estimated spatial coherence
value greater than a selected threshold (typically 0.3).

The next step implements the phase unwrapping of the
wrapped phase signal computed from the selected interfero-
grams. This operation is carried out by applying the minimum
cost flow (MCF) phase unwrapping algorithm proposed by
Costantini and Rosen (1999), that allows us to process data
available on the sparse grid relevant to the previously generated
coherence mask. To achieve this task, we first apply the
Delaunay triangulation (Delaunay, 1934) to the available
coherence mask, see Fig. 10b; this step allows us to define, as
neighboring points, those that are the extremes of each triangle
edge and, as elementary cycles, the triangles themselves. For
each interferogram the unwrapping operation involves two basic
steps: first of all, we compute an initial estimate of the
unwrapped phase difference between neighboring pixel pairs,
from the wrapped interferogram. Subsequently, we determine a
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(discrete) irrotational field whose components are close to the
initial estimates generated in the previous step. The final
integration of the determined irrotational vector field leads to the
generation of the unwrapped phase but for an additive constant.

At this stage, the unwrapped interferograms are interpolated
and calibrated with respect to a single pixel (often referred to as
reference SAR pixel) located in an area that can be assumed stable
or, at least, with a known deformation behavior. Note also that, in
contrast to the Permanent and Persistent Scatterers techniques
(Ferretti et al., 2000; Hooper et al., 2004; Werner et al., 2003), no
hypothesis is done, for what concemns the implemented MCF
phase unwrapping procedure, on the temporal behavior (for
instance, linear deformation) of the InNSAR phase signal variation
between adjacent coherent pixels.

Let us now refer to a generic pixel of azimuth and range
coordinates (x,r). The expression of the generic k-th unwrapped
interferogram computed from the SAR acquisitions at times 5
and 74, according to Berardino et al. (2002), is the following:

564(5,7) = Blis, =14, 3,7) = 1, . r) =14, 5,7)]

=+ Ad’}fpo(xv r) 4 APy (tg, 14, x,7)
+ Ang(x,r) (2)
with

< 4mBuAz(x,r)

4 ¢}{°P° (x,7) A rsind

(3)

wherein k<= (1,...,M), A is the transmitted signal central
wavelength, ¢(zz,x,r) and ¢(t4,x,r) represent the phases of
the two images involved in the interferogram generation. For
the right hand side of the last identity in Eq. (2), d(z3,x,7) and
d(t4,x,r) are the LOS projections of the cumulative deforma-
tion at times ¢z and ¢, with respect to the instant 7, assumed
as a reference and implying ¢(zp,x,7)=0, V(x,7). The second
term A ¢ *°(x,r), whose expression is reported in Eq. (3),
accounts for possible topographic artifacts Az(x,7) that can be
present in the Digital Elevation Model used for removing the
topographic phase contribution within the interferogram
generation process. The term A 3™ (tz,t4,x,7) accomplishes
for possible atmospheric inhomogeneities between the two
acquisitions (Goldstein, 1995), and the last factor Any(x,r)
accounts for the noise effects. Finally, in Eq. (3), the factor
B, represents the perpendicular baseline component and ¢
the SAR sensor look angle.

The Egs. (2) and (3) allow us to define a system of equations
in the N+1 unknowns [¢(t1,x,7),..,¢(tn.x,7),Az(x,r)], whose
solution is carried out by applying the Singular Value
Decomposition (SVD) method for each coherent pixel. Note
that again no a priori knowledge about the temporal behavior of
the investigated deformation is assumed within the inversion
process.

At this stage, we may compute the temporal coherence map,
based on Eq. (1), in order to get an estimate of the quality of the
obtained results. Moreover, in order to spatially “expand” the
successfully retrieved data, a region growing operation,
following the lines of the work of Xu and Cumming (1999),

is implemented. The final temporal coherence map is obtained
after this operation, see Fig. 10c.

We further remark that, after resolving the system of Egs. (2)
and (3), an evaluation and removal of the atmospheric phase
artifacts Adi™(tz,L4x,7), see Eq. (2), is needed in order to
provide an estimate of the line of sight deformation signal d(,x,
r), Vi=0,..,N. Accordingly, the final step of the SBAS algorithm
is focused on detecting possible atmospheric artifacts. This
operation, rather similar to what is carried out by the Permanent
Scatterers procedure, is based on the observation that the
atmospheric phase signal component is highly correlated in
space but poorly in time (see Ferretti et al. (2000) and Goldstein
(1995)). Accordingly, the undesired atmospheric phase signal is
estimated from the time series computed by solving the system
of equations based on Egs. (2) and (3), Vk<=(1,...,M), through
the cascade of a lowpass filtering step in the two-dimensional
spatial domain followed by a temporal highpass filtering. The
spatial filtering is implemented by using a box filter with spatial
extent of approximately 1 km in azimuth and range, consistent
with the spatial correlation length of the atmospheric phase
signal (Hanssen, 2001). This step is followed by a temporal
highpass filtering operation performed with respect to the time
variable via a triangular window whose temporal extension is
typically of 300 days. Following their identification, the
atmospheric artifacts are removed and the generation of the
final deformation time series is computed.
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