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18.1 INTRODUCTION

Earth is home to about 1500 volcanoes that have erupted in the past 10,000 years, and today volca-
nic activity affects the lives and livelihoods of a rapidly growing number of people around the globe.
About 20 volcanoes are erupting on Earth at any given time; 50-70 erupt each year, and about 160
erupt each decade. Impressive as these statistics are, they do not include a large but unspecified
number of volcanic vents along submarine midocean ridges that girdle the globe (Smithsonian
Institution, Global Volcanism Program, http://www.volcano.si.edu/faq.cfm#q?3).

The nature of eruptive activity ranges from the quiet outpouring of fluid lava on the ocean floor
and in places like Hawaii (http://hvo.wr.usgs.gov/) to the explosive ejection of volcanic ash, pum-
ice and other fragmental material at volcanoes like Mount Fuji (Japan), Mount St. Helens (United
States), Chaitén (Chile) and others along the Pacific Ring of Fire and elsewhere. Less frequent, larger
events, like the 1912 eruption of Novarupta—Mount Katmai (Alaska) (Hildreth and Fierstein 2012)
and the 1991 eruption of Mount Pinatubo (Philippines) (Newhall and Punongbayan 1996), produce
local and regional impacts that can last for decades, and shorter-term effects on the average global
temperature. At the extreme end of the spectrum, it has been suggested that a catastrophic eruption
at Lake Toba on the Indonesian island of Sumatra about 74,000 years ago caused a decade-long
‘volcanic winter’, resulting in a genetic bottleneck that profoundly affected the course of human
evolution—an idea that remains plausible but controversial (Robock 2013 and references therein).

The products of volcanic eruptions also vary widely, giving rise to a large range of associated
hazards (Myers et al. 2008). Explosive eruptions produce ballistic ejecta (solid and molten rock
fragments) that can impact the surface up to several kilometres away from the vent. Smaller frag-
ments are carried upward in eruption columns that sometimes reach the stratosphere, forming erup-
tion clouds that pose a serious hazard to aircraft. Large eruption clouds can extend hundreds to
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thousands of kilometres downwind, resulting in ash fall over large areas. Heavy ash fall can col-
lapse buildings, and even minor amounts can cause significant damage and disruption to everyday
life. Volcanic gases in high concentrations can be deadly. In lower concentrations, they contribute
to health problems and acid rain, which causes corrosion and harms vegetation. Lava flows and
domes extruded during mostly non-explosive eruptions can inundate property and infrastructure,
and create flood hazards by damming streams or rivers. Pyroclastic flows — high-speed avalanches
of hot pumice, ash, rock fragments and gas — can move at speeds in excess of 100 km/h and destroy
everything in their path. In some cases, gravitational collapse of an unstable volcanic edifice results
in a devastating debris avalanche; the most famous example is the 1980 debris avalanche at Mount
St. Helens, which extended more than 20 km down the North Fork Toutle River Valley. Debris flows
and lahars (volcanic mudflows) triggered by eruptions inundate valleys for distances approaching
100 km, causing long-term ecological impacts and increased flood hazards.

Assessment, monitoring and preparedness are three keys to mitigating the adverse impacts of
volcanic activity. Radar can play a direct role in helping to monitor volcanoes and assess hazards,
both during periods of unrest and during ensuing eruptions. For example, interferometric synthetic
aperture radar (InSAR) images can be used to distinguish between deep and shallow sources of
volcano deformation, and between the deformation pattern caused by magma accumulation in a
subsurface reservoir and that caused by upward intrusion of a magma-filled dyke from the reservoir
towards the surface. During the course of an eruption when the volcano is obscured by clouds or
darkness, Synthetic Aperture Radar (SAR) intensity images might be the only means available
to track hazardous developments, such as the emergence of a gravitationally unstable lava dome.
Ground-based Doppler radars can track volcanic ash clouds and provide short-term warnings to
aircraft and to areas downwind that are likely to receive ash fall. Insights gained from radar studies
also can contribute to improved public awareness and preparedness for volcanic activity through
proactive public information programmes. For additional information about volcano hazards, haz-
ard assessments and eruption preparedness, see http://volcanoes.usgs.gov/.

18.2 RADAR

The term radar is derived from ‘radio detection and ranging’, a phrase that encapsulates some of
radar’s essential characteristics and capabilities. Radar systems make use of the radio and micro-
wave portion of the electromagnetic spectrum, with wavelengths ranging from a few millimetres
to 100 m or more. Most volcano applications, including SAR and InSAR, make use of wavelengths
ranging from a few centimetres to a few tens of centimetres. All radar systems employ a radio trans-
mitter that sends out a beam of microwaves either continuously or in pulses. By measuring the time
it takes radio waves travelling at the speed of light to make the round trip from the radar to a target
and back, a tracking radar system can determine the distance to the target. If the target is moving
with respect to the radar, its velocity can be determined from the frequency of the return signal,
which differs from that of the transmitted signal as a result of the Doppler effect. The distance to the
target, strength of the return signal and Doppler shift are three fundamental parameters provided
by tracking radars. Because of these capabilities, tracking radars are essential tools for air traffic
control and weather monitoring.

A typical tracking radar employs a scanning strategy in which the beam sweeps through a range
of azimuth and elevation angles in order to map a volume of interest. For example, the radar might
transmit pulses while rotating 360° in azimuth at a fixed elevation angle, and then repeat the scan
at progressively higher or lower elevation angles. Return echoes from targets are received by the
radar antenna and processed by the receiver. Once the radar sweeps through all elevation slices, a
volume scan is complete, which provides a three-dimensional view of the airspace around the radar
site. Tracking radars equipped with Doppler capability, such as those used for air traffic control,
can determine both the location and speed of targets (aircraft) within their range. Weather radars
take advantage of the fact that the strength of the return signal depends on the size, density, state
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(e.g. solid hail and liquid rain) and shape of scatterers in the beam’s path. Based on empirical rela-
tionships, the approximate rainfall rate at the ground can be estimated from observations made by
weather radar (e.g. https://radar.weather.gov). Weather radars equipped with Doppler capability can
peer inside thunderstorms and determine if there is rotation in the cloud, which often is a precursor
to the development of tornadoes.

Two characteristics of radar that are important for volcano monitoring are (1) unlike optical and
infrared systems that are inherently passive (i.e. they rely on natural reflected energy or radiated energy
originating at the source), radar is an active sensor that provides its own illumination, and (2) owing to
their longer wavelength, radar signals penetrate water clouds, diffuse ash clouds and sparse to moder-
ate vegetation better than visible light, enabling limited ‘see-through’ capability for objects that are
opaque at optical wavelengths. Because radar is an active microwave system, it is equally effective in
darkness and daylight, and during bad weather or good. This is a tremendous advantage for volcano
monitoring, which requires round-the-clock operations during periods of unrest.

Ground-based Doppler radars have been utilized to detect and track volcanic ash clouds (Harris
and Rose 1983; Rose et al. 1995; Dubosclard et al. 1999; Lacasse et al. 2004; Houli€ et al. 2005;
Tupper et al. 2005; Marzano et al. 2006), which can pose a hazard to buildings, infrastructure,
human health and aviation systems (Rose 1977; Miller and Casadevall 2000). Figure 18.1 shows
time-series images of a developing ash cloud during the 2009 eruption at Redoubt volcano, Alaska
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FIGURE 18.1 Sequence of radar reflectivity images at an altitude of 7.9 km above sea level over Redoubt
volcano, Alaska, from a Doppler weather radar located about 82 km east of the volcano. The images show
the growth and decline of an eruption cloud on 23 March 2009. Times are in Universal Time Coordinated for
starts of volume scans, each of which take 90 seconds to complete. The colour bar at the bottom shows reflec-
tivity values in decibels relative to Z (dBZ), a unit commonly used in weather radar to compare the equivalent
reflectivity (Z) of a radar signal scattered from a remote object (volcanic ash, in this case) with the return from
a droplet of rain with a diameter of 1 mm. For weather clouds, dBZ values can be converted to estimates of
rainfall rate using an empirical formula. In this case, the greater dBZ values (warmer colours) correspond to
denser parts of the ash cloud. (Modified from Schneider, D., and Hoblitt, R., J. Volcanol. Geotherm. Res., 259,
133-144, 2013.)
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(Schneider and Hoblitt 2013). The images show the extent and radar reflectivity of the cloud at an
altitude of 7.9 km above sea level. The nearly circular cloud was characterized by a high reflectivity
core and lasted at detectable levels for about 20 minutes (Schneider and Hoblitt 2013).

An imaging radar aboard the German Space Agency’s TerraSAR-X satellite was used to track the
growth, destruction and regrowth of a lava dome at Mount Cleveland volcano in the central Aleutian
Islands, Alaska, during 2011-2013 (Lu and Dzurisin 2014, chap. 6, sect. 6.15.5). Mount Cleveland is
remote, difficult to access and often obscured by clouds, so the SAR observations provided timely
information about the eruption that would not have been available otherwise. Satellite SAR imagery
provided similar information that aided hazard assessments during recent eruptions at the Merapi
(2013) and Sinabung (2013-2014 ongoing) volcanoes in Indonesia (Smithsonian Institution Global
Volcanism Program, http://volcano.si.edu/).

18.3 SYNTHETIC APERTURE RADAR

SAR is an imaging radar system designed, as the name implies, to take advantage of a large ‘syn-
thetic’ antenna to produce images of much better resolution than would be possible otherwise. SAR
systems operate on the same principles as Doppler radars, but have additional capability to distin-
guish among return signals from individual resolution elements within a target footprint. SARs
are side looking, that is, they direct signals to the side of their path across the surface rather than
straight down. As a result, the arrival path of the radar signal is oblique to the surface being imaged.
Return signals from near-range parts of the target (the part closest to the ground track of the radar)
generally arrive back at the radar sooner than return signals from far-range areas, so the relation-
ship between round-trip travel time and range can be used to organize return signals in the across-
track, or range, direction. In the along-track, or azimuth, direction, the Doppler principle comes
into play. Signals returned from areas that are ahead of the radar as it travels along its path are
shifted to slightly higher frequencies, while returns from trailing areas are shifted to slightly lower
frequencies. An imaging radar uses the relationship between return signal frequency and relative
velocity between radar and target to organize return signals in the azimuth direction. In this way,
the returns from each resolution element on the ground can be assigned unique coordinates in range
and azimuth. The resulting data can be processed into an image of the target area, which contains
information about topography and radar reflective properties of the surface.

SAR systems take advantage of the fact that each point along the ground swath is illuminated for
an extended period of time while the footprint of the radar beam moves across it. The resolution of
an imaging radar is inversely proportional to the size (aperture) of the antenna, so a SAR is capable
of much better resolution than is possible with a real aperture radar. Conceptually, a SAR image
processor makes use of this fact to ‘synthesize’ a large virtual antenna, and thus achieves much
higher spatial resolution than is practical with a real aperture radar. Most SAR systems designed
for Earth orbit use an antenna that is 1-4 m wide and 10—15 m long, with a look angle in the range
of 10°-60°, to illuminate a footprint 50—-150 km wide in the range direction and 5-15 km wide in
the azimuth direction. Such a SAR system is capable of producing a ground resolution of 1-10 m in
azimuth and 1-20 m in range, which is an improvement by about three orders of magnitude over a
comparable real aperture system. Because a SAR actively transmits and receives signals backscat-
tered from the target area, and because radar wavelengths are mostly unaffected by weather clouds,
a SAR can operate effectively during day and night under most weather conditions to produce
images at times and under conditions that render most optical imaging systems useless for surface
observations.

Using a sophisticated image processing technique called SAR processing (Curlander and
McDonough 1991; Bamler and Hartl 1998; Henderson and Lewis 1998; Rosen et al. 2000;
Massonnet and Souyris 2008), both the intensity and phase of the signal backscattered from each
ground resolution element can be calculated and portrayed as part of a complex-valued SAR image.
The intensity of a resulting single-look complex (SLC) image is controlled primarily by terrain
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slope, surface roughness and surface relative permittivity. Note that dielectric constant is the his-
torical term often used to describe this property, but surface relative permittivity is more precise
and currently accepted by the Institute of Electrical and Electronics Engineers (IEEE) Standards
Board (IEEE Standard Definitions of Terms for Radio Wave Propagation 1997). The phase compo-
nent is controlled mainly by the round-trip travel time from SAR to ground, which is affected by
atmospheric conditions (water vapour in the troposphere slows the speed of electromagnetic waves,
and electron density in the ionosphere shortens the propagation path) and by interaction of the radar
signal with the ground surface.

18.4 INTERFEROMETRIC SYNTHETIC APERTURE RADAR

InSAR involves the use of two or more SAR images of the same area to extract the land surface
topography plus any surface deformation that might have occurred during the interval between
image acquisitions. The images can be created by spatially or temporally separated SARs (i.e. two
SARSs operating at the same time at slightly different locations, or a single SAR that images the
same target area from similar vantage points at two different times). The spatial separation between
two SAR antennas is called the baseline. The two antennas can be mounted on a single platform for
simultaneous interferometry. This is the usual implementation for aircraft and space-borne systems
such as the Topographic SAR (TOPSAR) and Shuttle Radar Topography Mission (SRTM) systems
(Farr et al. 2007), which are used to generate digital elevation models (DEMs). Alternatively, InSAR
images can be created by using a single antenna on an airborne or space-borne platform in nearly
identical repeating flight paths or orbits for repeat-pass interferometry (Gray and Farris-Manning
1993; Massonnet and Feigl 1998). For the latter case, even though the antennas do not illuminate
the same area at the same time, the two sets of signals recorded during the two passes will be highly
correlated if the scattering properties of the ground surface remain undisturbed during the time
between image acquisitions. This is the typical implementation for past and present space-borne
sensors, such as the U.S. Seasat and Shuttle Imaging Radar-C (SIR-C); European Remote Sensing
Satellites (ERS-1 and ERS-2), Environmental Satellite (Envisat) and Sentinel-1A/B; Canadian
Radar Satellite (Radarsat-1 and Radarsat-2); and Japanese Earth Resources Satellite (JERS-1) and
Advanced Land Observing Satellite (ALOS) and ALOS-2 — all of which operate at wavelengths
ranging from a few centimetres (X-band and C-band) to tens of centimetres (L-band) (Table 18.1).
This configuration enables InSAR measurements of surface deformation with millimetre to centi-
metre precision at a spatial resolution of a few tens of metres over a large region.

18.4.1 INSAR ProCESSING FLow

A SAR image represents the intensity and phase of the reflected (or backscattered) signal from each
ground resolution element in the form of a complex-valued data matrix (Figure 18.2). Generating an
interferogram requires two SLC SAR images. Neglecting phase shifts induced by the transmitting
and receiving antenna and SAR processing algorithms, the phase value of a pixel in an SLC SAR
image (Figure 18.2b) can be represented as

0, =W{—4;rl +81} (18.1)

where r, is the apparent range distance (including possible atmospheric delay) from the antenna
to the ground target, A is the radar wavelength, €, is the sum of phase shifts due to the interaction
between the incident radar wave and scatterers within the resolution cell and W{} is a wrapping
operator so that the observed ¢, is wrapped into the interval of (—x, ). Because the backscattering
phase (g,) is a randomly distributed (unknown) variable, the phase value (¢,) in a single SAR image
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TABLE 18.1

Satellite SAR Sensors Capable of INSAR Mapping

Mission

Seasat

ERS-1

JERS-1

ERS-2
Radarsat-1
Envisat
ALOS
TerraSAR-X
Radarsat-2
COSMO-
SkyMed
RISAT-2
TanDEM-X¢
RISAT-1
Sentinel-1A

ALOS-2

Sentinel-1B

Agency
NASA

ESA

JAXA

ESA
CSA
ESA
JAXA
DLR
CSA
ASI
ISRO
DLR
ISRO
ESA
JAXA

ESA

Period of
Operation
June 1978-
October 1978

July 1991-March

2000
February
1992-October
1998
April 1995-July
2011
November
1995-2013
March

2002-April 2012

January

2006-May 2011

June
2007—-present
December
2007—-present
June
2007—-present
April
2009—-present
June
2010—present
April
2012—present
April
2014—present
May
2014—present
April
2016—present

Orbit
Repeat
Cycle (days)

17

3, 168 and
352

44

35 and 3°

24

35 and 30¢

46

11

24

1,4,5,7,8,9,
12 and 169

14

11

25

12

14

12

Band/
Frequency
(GHz)

L-band/1.275
C-band/5.3

L-band/1.275

C-band/5.3
C-band/5.3
C-band/5.331
L-band/1.270
X-band/9.65
C-band/5.405
X-band/9.6
X-band/9.59
X-band/9.65
C-band/5.35
C-band/5.405
L-band/1.2575

(and more)
C-band/5.405

Wavelength
(cm)

235
5.66

23.5

5.66
5.66
5.63
23.6
3.11
5.55
3.12
3.13
3.11
5.61
5.55
23.9 (and

more)
5.55

Incidence

Angle (°)

at Swath
Centre

23
23

39

23
10-60
15-45
8-60
20-55
10-60
20-60
2045
20-55
15-50
20-47
8-70

20-47

Resolution
(m)

25

30

20

30

10-100

20-100

10-100

0.24-260

3-100

1-100

1-8

3-50

5-40

1-100

5-40

Note: ASI, Italian Space Agency; CSA, Canadian Space Agency; ESA, European Space Agency; ISRO, Indian Space

Research Organization; JAXA, Japan Aerospace Exploration Agency; RISAT-1, Radar Imaging Satellite-1; RISAT-2,

Radar Imaging Satellite-2.

4 To accomplish various mission objectives, the ERS-1 repeat cycle was 3 days from 25 July 1991 to 1 April 1992 and from
13 December 1993 to 9 April 1994; 168 days from 10 April 1994 to 20 March 1995; and 35 days at other times.
> The ERS-2 repeat cycle was mainly 35 days. During the few months before the end of the mission, the ERS-2 repeat cycle

was changed to 3 days to match the 3-day-repeat ERS-1 phases in 1991-1992 and 1993-1994.

¢ The Envisat repeat cycle was 35 days from March 2002 to October 2010, and 30 days from November 2010 to April 2012.
4 A constellation of four satellites, each of which has a repeat cycle of 16 days, can collectively produce repeat-pass InSAR

images at intervals of 1, 4, 5,7, 8, 9 and 12 days, respectively.

¢ TerraSAR add-on for digital elevation measurements.
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FIGURE 18.2 (a) Amplitude component of an ERS-1 SAR image acquired on 4 October 1995 over Mount
Peulik volcano, Alaska. (b) Phase component of the SLC SAR image corresponding to the amplitude image in
(). (c) Phase component of an ERS-2 SAR image of Mount Peulik acquired on 9 October 1997. The amplitude
component is similar to that in (a) and therefore is not shown. The phase values represented in (b) and (c) look
spatially random but nonetheless contain useful information after InSAR processing. (d) Original interfero-
gram formed by differencing the phase values of two co-registered SAR images, (b) and (c). The resulting
InSAR image contains fringes produced by the differing viewing geometries, topography, any atmospheric
delays, surface deformation and noise. The perpendicular component of the InSAR baseline is 35 m in this
case. (e) Flattened interferogram produced by removing the effect of a flat Earth surface from the original
interferogram (d). (f) Simulated interferogram representing the contribution of topography in the origi-
nal interferogram (d) using knowledge of the InSAR imaging geometry and a DEM. (g) Topography-removed
interferogram produced by subtracting the simulated interferogram (f) from the original interferogram (d).
The resulting interferogram contains fringes produced by surface deformation, any atmospheric delays and
noise. (h) Georeferenced topography-removed interferogram overlaid on a shaded relief image produced from
a DEM. The concentric pattern of fringes indicates ~17 cm of uplift centred on the volcano, which occurred
during an aseismic inflation episode between 1996 and 1998 prior to a strong earthquake swarm ~30 km to
the northwest (Lu et al. 2002b). (i) Model interferogram produced using a best-fit inflationary point source at
~6.5 km depth with a volume change of ~0.043 km? overlaid on the shaded relief image (compare to (h)). Each
interferometric fringe (full-colour cycle or band) represents 360° of phase change (b—f), or 2.83 cm of range
change (g—i) between the ground and the satellite along the satellite look direction. Areas of loss of InNSAR
coherence are uncoloured in (h) and (i).
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cannot be used to calculate the range (r,) and is of no practical use. However, assume that a second
SLC SAR image of the same area (with the phase image shown in Figure 18.2¢) is obtained at a
different time with a phase value represented by

0, =W{—4;r2+82} (18.2)

Note that, by itself, the second SAR image cannot provide useful range information (r,) either.

An interferogram (Figure 18.2d) is created by co-registering two SAR images and differencing
the corresponding phase values (Figure 18.2b,c) on a pixel-by-pixel basis. The phase value of the
resulting interferogram (Figure 18.2d) is

_4n(n—n)

A +(g, — 82)} (18.3)

¢:¢1_¢2:W{

The fundamental assumption in repeat-pass InSAR is that the scattering characteristics of the
ground surface do not change during the interval between image acquisitions. The degree of change
can be quantified by the interferometric coherence value, which is discussed in Section 18.5.3.
Assuming that the interactions between radar waves and scatterers remain the same (i.e. €, = €,), the
interferometric phase value can be expressed as

0= W{_‘m(r{m} (18.4)

Typical values for the range difference, (r, — r,), are from a few metres to several hundred metres.
The SAR wavelength () is of the order of several centimetres. Because the measured interferomet-
ric phase value (¢) is modulated by 2x, ranging from —x to &, there is an ambiguity of many cycles
(i.e. numerous 2xn values) in the interferometric phase value. Therefore, the phase value of a single
pixel in an interferogram is of no practical use. However, the change in range difference, 8(r, — r,),
between two neighbouring pixels that are a few metres apart is normally much smaller than the SAR
wavelength. So the phase difference between two nearby pixels, 8¢, can be used to infer the range
difference (r, — r,) to a precision that is a small fraction of the radar wavelength. This explains how
the InSAR technique can determine range changes to within a few millimetres or centimetres based
on observed phase differences between two co-registered images.

The phase (or range distance difference) in the original interferogram (Figure 18.2d) contains
contributions from both the topography and any possible ground surface deformation. Therefore,
the topographic contribution needs to be removed from the original interferogram in order to derive
a deformation map. The most common procedure is to use an existing DEM and knowledge of
the InSAR imaging geometry to produce a synthetic interferogram that represents the topographic
effect and subtract it from the interferogram to be studied (Massonnet and Feigl 1998; Rosen et al.
2000). This is the so-called two-pass InSAR technique. Alternatively, a synthetic interferogram that
represents the topographic contribution can be produced from a different interferogram of the same
area that is either insensitive to deformation or does not span the deformation episode (if known
by some other means). The procedures are then called three-pass or four-pass InSAR (Zebker et
al. 1994). Because the two-pass InNSAR method is commonly used for deformation mapping, we
explain briefly how to simulate the effect of topography in an InSAR image based on an existing
DEM.

Two steps are required to simulate a topography-only interferogram based on a DEM. In the first
step, the DEM needs to be resampled to project heights from a map coordinate into the appropriate
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radar geometry via geometric simulation of the imaging process. The InSAR imaging geometry is
shown in Figure 18.3. The InSAR system acquires two images of the same scene with SAR plat-
forms located at A, and A,. The baseline, defined as the vector from A, to A,, has a length B and is
tilted with respect to the horizontal by angle a. The slant range r from the SAR to a ground target
T with an elevation value 4 is linearly related to the measured phase values in the SAR images by
Equations 18.1 and 18.2. The look angle from A, to the ground point 7 is 6,. For each ground resolu-
tion cell at ground range r, with elevation £, the slant range value (r,) should satisfy

= \/(H+ R’ +(R+h)*—2(H+R)R+ h)cos[%} (18.5)

where H is the SAR altitude above a reference Earth surface, which is assumed to be a sphere with
radius R. The radar slant range and azimuth coordinates are calculated for each point in the DEM.
This set of coordinates forms a non-uniformly sampled grid in SAR coordinate space. The DEM

FIGURE 18.3 Schematic showing InSAR imaging geometry. Two SAR images of the same target area are
acquired from vantage points A, and A,. The baseline B (the spatial distance between SAR antennas A, and
A,) is tilted with respect to the horizontal by angle o, and can be represented by a pair of horizontal (B,) and
vertical (B,) components, or by a pair of parallel (B,) and perpendicular (B,) components. The slant range
distances from A, and A, to a ground target 7 with elevation above the ground surface 4 are r, and r,, respec-
tively. The altitude of A, is H, and the ground range from A, to T is r,. The look angle from A, to T is 0,. The
radius of the spherical Earth is R.
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height data are then resampled into a uniform grid in the radar coordinates using the values from
the non-uniform grid.

In the second step, the precise look angle from A, to ground target T at ground range r,, slant
range r, and elevation 4 is calculated:

(18.6)

2, .2 2
elzamos{(yue) +12—(R+h) }

2(H+R)r;

Finally, the interferometric phase value due to the topographic effect at target 7 can be calculated:

4775(;3 -n)= 4—n(\/r12 —2(B, sin®, — B, cos0,)r; + B> —r, ) (18.7)

(I)dem == N

where B, and B, are horizontal and vertical components of the baseline B (Figure 18.3).

Figure 18.2e shows the simulated topographic effect in the original interferogram (Figure
18.2d) calculated using an existing DEM and the InSAR imaging geometry (Figure 18.3).
Removing the topographic effect (Figure 18.2e) from the original interferogram (Figure 18.2d)
results in an interferogram that represents ground surface deformation during the time interval
between image acquisitions, plus measurement noise (Figure 18.2f). The resulting phase value
can be written as

q)def = W{(b_q)dem} (188)

In common practice, an ellipsoidal Earth surface characterized by its major axis, e
axis, e
then

maj» @0d Minor
is used instead of a spherical Earth model. The radius of the Earth at the imaged area is

min>

R = (e SINB)* + (€, cOS )’ (18.9)

where f is the latitude of the centre of the imaged region.

If h is taken as zero, the procedure outlined in Equations 18.5 through 18.9 will remove the effect
of an ellipsoidal Earth surface on the interferogram. This results in a flattened interferogram, in
which phase values can be approximated as

471 Bcos(0, — ) 4t B,
e ht 0y ==
A Htan6,

O pr == B+ 0, (18.10)

A rsinG,

where B, is the perpendicular component of the baseline with respect to the incidence angle 6,
(Figure 18.3). Removing the effect of an ellipsoidal Earth surface from the original interferogram
(Figure 18.2d) results in the flattened interferogram shown in Figure 18.2g.

If ¢, in Equation 18.10 is negligible (i.e. no deformation) or can be removed from an indepen-
dent source (Lu et al. 2013), the phase value in Equation 18.10 can be used to calculate the surface
height /. This explains how InSAR can be used to produce an accurate, high-resolution DEM for
a large region. If the primary goal is to produce a DEM but the interferogram is also affected by
ground deformation (i.e. ¢, is not negligible), the deformation effect can be calculated from a sec-
ond interferogram that is less sensitive to topography, and then removed from the first interferogram
(Lu and Dzurisin 2014).
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For the ERS-1/2 satellites, H is about 800 km, 0, is about 23° + 3°, A is 5.66 cm and B, should be
less than 1100 m for a coherent interferogram. Therefore, Equation 18.10 can be approximated as

21
O = —%WBJI + 0y (18.11)

For an interferogram with B, of 100 m, 1 m of topographic relief produces a phase value of
about 4°. However, producing the same phase value requires only 0.3 mm of surface deformation.
¢, in Equation 18.11 can be considered a function of two variables, & and ¢, The coefficient (i.e.
27B,/9600) for & is much less than 1, while the coefficient for ¢, is equal to 1. So for a given imag-
ing geometry, the interferogram phase value is much more sensitive to changes in topography (i.e.
surface deformation ¢,,,) than to the topography itself (%). This explains why repeat-pass InSAR is
capable of mapping surface deformation with millimetre to centimetre precision.

With the two-pass InNSAR technique, DEM errors can be incorrectly mapped into apparent sur-
face deformation. The effect is characterized by the so-called ‘altitude of ambiguity’, which is the
amount of DEM error required to generate one interferometric fringe in a topography-removed
interferogram (Massonnet and Feigl 1998). Because the altitude of ambiguity is inversely propor-
tional to the perpendicular baseline B, interferometric pairs with small baselines are better suited
for deformation analysis. Conversely, pairs with larger baselines (within the constraint imposed by
coherence; see Section 18.5.2) are preferable for DEM generation.

One significant error source in repeat-pass InSAR deformation measurements is inhomogeneity
in the atmosphere that results in path-delay anomalies (Lu and Dzurisin 2014). Differences in atmo-
spheric water vapour content (and temperature and pressure to a lesser extent) at two observation
times can cause differing path delays and consequent anomalies in an InSAR deformation image.
Atmospheric delay anomalies can reduce the accuracy of InSAR-derived deformation measure-
ments from several millimetres under ideal conditions to a few centimetres under more typical
conditions, thus obscuring subtle changes that could hold clues to the cause of the deformation. The
difficulty with estimating water vapour conditions with the needed accuracy and spatial density is
an important limiting factor in deformation monitoring with InSAR.

Four methods have been proposed to estimate the water vapour content and remove its effect
from deformation interferograms. The first method is to estimate water vapour concentrations
in the target area at the times of SAR image acquisitions using short-term predictions from
operational weather models (Foster et al. 2006). The problem with this approach is that current
weather models have much coarser resolution (a few kilometres) than InSAR measurements (tens
of metres). This deficiency can be remedied to some extent by integrating weather models with
high-resolution atmospheric measurements, but this approach requires intensive computation.
The second method is to estimate water vapour concentration from continuous global positioning
system (CGPS) observations in the target area (Li et al. 2005). The spatial resolution (i.e. station
spacing) of local or regional CGPS networks at volcanoes is typically a few kilometres to tens
of kilometres, which renders this method ineffective in most cases. The third approach to cor-
recting atmospheric delay anomalies in InSAR observations is to utilize water vapour measure-
ments from optical satellite sensors such as the Moderate Resolution Imaging Spectroradiometer
(MODIS), Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and
European Medium Resolution Imaging Spectrometer (MERIS) (Li et al. 2003). The disadvan-
tage of this method is the requirement of nearly simultaneous acquisitions of SAR and cloud-
free optical images. The fourth and most promising technique is to correct atmospheric delay
anomalies using a multitemporal InSAR technique (Section 18.6) (Ferretti et al. 2001; Lu and
Dzurisin 2014). Because the atmospheric artefacts are generally spatially correlated and tempo-
rally random, they can be mitigated through temporal high-pass and spatial low-pass filtering of
multitemporal interferograms.
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Another significant error source in two-pass InSAR processing is baseline uncertainty due to
inaccurate determination of the SAR antenna positions at the times of image acquisitions. Therefore,
baseline refinement during InSAR processing is recommended. A commonly used method is to
determine the baseline vector based on an existing DEM via a least-squares approach (Rosen et al.
1996). For this method, areas of the interferogram that are used to refine the baseline should have
negligible deformation or deformation that is well characterized by an independent data source.

The final procedure in two-pass InSAR is to rectify the SAR images and interferograms into a
geographic coordinate system, which is a backward transformation of Equation 18.5. The georef-
erenced interferogram (Figure 18.2h) and derived products can be readily overlaid with other data
layers to enhance the utility of the interferograms and facilitate data interpretation. Figure 18.2h
shows six concentric fringes that represent about 17 cm of range decrease (mostly uplift) centred
on the southwest flank of Mount Peulik volcano, Alaska. The volcano inflated aseismically from
October 1996 to September 1998, a period that included an intense earthquake swarm that started
in May 1998 more than 30 km northwest of Peulik (Lu et al. 2002; Lu 2007; Lu and Dzurisin 2014).

Interferometric phase values need to be unwrapped to remove the modulo 2z ambiguity before
estimating the topography or deformation source parameters (Goldstein et al. 1988; Costantini
1998; Chen and Zebker 2000). Phase unwrapping is the process of restoring the correct multiple of
2w to each pixel of the interferometric phase image. Interferograms are often spatially filtered before
phase unwrapping (Goldstein and Werner 1998). Two popular phase unwrapping methods utilize
branch cut (Goldstein et al. 1998) and minimum cost flow (Costantini 1998; Chen and Zebker 2000)
algorithms.

In-depth descriptions of InSAR processing techniques are given by many (Zebker et al. 1994;
Bamler and Hartl 1998; Henderson and Lewis 1998; Massonnet and Feigl 1998; Rosen et al. 2000;
Hanssen 2001; Hensley et al. 2001; Lu and Dzurisin 2014).

18.5 INSAR PRODUCTS AND THEIR APPLICATIONS TO VOLCANOES

The InSAR processing techniques include a number of steps, precise registration of an InSAR image
pair, interferogram generation, removal of the curved Earth phase trend, adaptive filtering, phase
unwrapping, precise estimation of the interferometric baseline, generation of a surface deformation
image (or a DEM map), estimation of interferometric correlation and rectification of interferometric
products. Using a single pair of SAR images as input, a typical InSAR processing chain outputs two
SAR intensity images, a deformation map or DEM and an interferometric correlation map.

18.5.1 SAR INTENSITY IMAGE

Volcanic surfaces do not scatter microwaves uniformly. The strength of the return signal at the SAR
is controlled primarily by surface roughness and relative permittivity of the target. Surface rough-
ness refers to the SAR wavelength-scale variation in the surface relief. Surfaces that are rough at
the scale of the radar wavelength generally are brighter in radar images than smooth ones, because
some of the roughness elements are oriented perpendicular to the incoming signal and reflect energy
back towards the source. With smooth surfaces, most of the energy is deflected forward, away from
the source, which causes them to appear dark. For this reason, blocky lava flows tend to exhibit
stronger backscattering returns than pyroclastic flows, which in turn produce higher backscattering
than ash deposits. Therefore, SAR intensity images are useful for distinguishing and mapping vol-
canic ash deposits, lava flows and pyroclastic flows (Lu et al. 2004; Lu and Dzurisin 2014). In cloud-
prone volcanic areas (such as the Aleutian volcanic arc), all-weather SAR intensity imagery can be
one of the most useful data sources available to track the course of volcanic eruptions in this way.
Relative permittivity is an electric property of material that influences radar return strength and is
controlled primarily by moisture content of the imaged surface. The effect of relative permittivity
variations on radar images is of secondary importance to surface roughness variations, as most
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natural, dry rocks and soils have a narrow range of values of relative permittivity. Limited labora-
tory results have indicated that relative permittivity values of volcanic rocks of similar mineralogy
and composition tend to increase with the bulk density but decrease with the porosity of volcanic
rocks (Russ et al. 1999). Obviously, mapping volcanic deposits based on relative permittivity can
generally be complicated by moisture content, mineralogy, composition and other parameters.
Figure 18.4 shows an example in which time-series SAR intensity images were used to track
eruptive activity at Mount Cleveland volcano in the central Aleutian Arc, Alaska. Thermal anoma-
lies at Mount Cleveland were noted in satellite data starting on 19 July 2011, and a small lava dome
in the summit crater was first observed on 2 August 2011 (Lu and Dzurisin 2014). Time-series
TerraSAR-X images revealed that the new dome grew rapidly until 29 December 2011, when it

(j) 20120108 (k) 20120119 (1) 20120210

FIGURE 18.4 (a) Airborne L-band SAR intensity image of Mount Cleveland volcano, Alaska, acquired
in 2009 by NASA’s Uninhabited Aerial Vehicle Synthetic Aperture Radar (UAVSAR). Lava flows of vari-
ous ages are apparent in the SAR image. The white rectangle in the summit area shows the extent of the
SAR intensity images shown in (b—1). (b—1) Time-series X-band TerraSAR-X intensity images of the Mount
Cleveland summit crater showing lava dome growth (b—i), destruction (j—k) and regrowth (1) during the period
from 18 August 2011 to 10 February 2012. The initial dome was destroyed by an explosive eruption on 29
December 2011, and a second dome was clearly visible in the SAR image acquired on 10 February 2012.
Cycles of dome growth and destruction continued into 2013.
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was destroyed by an explosion. A new dome was visible in a TerraSAR-X image acquired on 10
February 2012 (Figure 18.4). That dome likely was destroyed by a series of three explosions dur-
ing 8—13 March 2012. A third dome, which was first seen in satellite imagery on 28 March 2012,
was destroyed by an explosive eruption on 4 April 2012. Additional small explosions occurred
during April-June 2012, and a fourth dome was observed in the crater on 26 June 2012. Multiple
explosions were detected and a small lava flow was extruded in May 2013 (http://avo.alaska.edu
/volcanoes/volcact.php?volcname=Cleveland). In this case, morphological changes at the summit of
Mount Cleveland that could be discerned in a series of SAR intensity images, but were otherwise
obscured from view, played a key role in monitoring activity throughout the course of the eruption
(Wang et al. 2015).

18.5.2 INSAR DerORMATION IMAGE AND SOURCE PARAMETERS DERIVED FROM MODELLING

Unlike a SAR intensity image, an InSAR deformation image is derived from phase components
of two overlapping SAR images. SAR is a side-looking sensor, so an InSAR deformation image
depicts ground surface displacements in the SAR line-of-sight (LOS) direction, which generally
include both vertical and horizontal components. InSAR deformation images have an advantage
for modelling purposes over point measurements made with GPS, for example, because InSAR
images provide more complete spatial coverage than is possible with even a dense network of CGPS
stations. On the other hand, CGPS stations provide better precision and much better temporal reso-
lution than is possible with InSAR images. The temporal resolution of InSAR measurements is
constrained by the orbit repeat times of SAR satellites, that is, typically several days to weeks for
currently operational satellites. For hazards monitoring, a combination of periodic areal InSAR
observations and continuous data streams from networks of in situ deformation sensors (e.g. CGPS,
tiltmeters and strainmeters), integrated with seismic, gas emission and other remote sensing infor-
mation, is highly desirable (Poland et al. 2006b; Dzurisin et al. 2009; Biggs et al. 2010b; Currenti et
al. 2011, 2012; Del Negro et al. 2013).

For understanding volcanic processes, numerical models are often employed to estimate physical
parameters of the deformation source based on observations. The high spatial resolution of surface
deformation data provided by InSAR makes it possible to constrain models with various geom-
etries, such as the spherical point pressure source (Mogi 1958), dislocation source (sill or dyke source)
(Okada 1985), ellipsoid source (Davis 1986; Yang et al. 1988) and penny-crack source (Fialko et
al. 2001). Among the physical parameters of interest, the location and volume change of the source
usually are the most important.

The most widely used source in volcano deformation modelling is the spherical point pressure
source (widely referred to as the Mogi source) embedded in an elastic homogeneous half space
(Mogi 1958). In a Cartesian coordinate system, the predicted displacement u at the free surface due
to a change in volume AV or pressure AP of an embedded sphere is

—x _ o, (1=v) x—x]
R’ n [R
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u,-(xl—xf,xz—xé,O—xé):AP(l—v)%xi (18.12)

where x|, x5 and xj are the horizontal coordinates and depth of the centre of the sphere, R is the
distance between the centre of the sphere and the observation point (x,, x, and 0), AP and AV are
the pressure and volume changes in the sphere, v is Poisson’s ratio of the host rock (typical value
is 0.25), r, is the radius of the sphere and G is the shear modulus of the host rock (Johnson 1987,
Delaney and McTigue 1994).

A non-linear least-squares inversion approach is often used to optimize the source parameters
(Press et al. 2007). Inverting the observed interferogram in Figure 18.2h using a Mogi source
results in a best-fit source located at a depth of 6.5 + 0.2 km. The calculated volume change is
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0.043 £+ 0.002 km3. Figure 18.2i shows the modelled interferogram based on the best-fit source
parameters, which agrees very well with the observed deformation field shown in Figure 18.1h.

Because many volcanic eruptions are preceded by pronounced ground deformation in response
to increasing pressure in a magma reservoir or to upward intrusion of magma, surface deformation
patterns can provide important insights into the structure, plumbing and state of restless volcanoes
(Dvorak and Dzurisin 1997; Dzurisin 2003, 2007). Numerous studies have shown that in some cases,
surface deformation is the first detectable sign of volcanic unrest, preceding seismicity or other pre-
cursors to an impending intrusion or eruption (Lu and Dzurisin 2014). Therefore, mapping surface
deformation and deriving source characteristics is a primary focus of most InSAR studies of volca-
noes (Massonnet et al. 1995; Lu et al. 1997, 2000a,b,c, 2002, 2005, 2007, 2010; Wicks et al. 1998,
2002, 2006, 2011; Dzurisin et al. 1999, 2005; Amelung et al. 2000, 2007; Zebker et al. 2000; Mann
et al. 2002; Pritchard and Simons 2002, 2004a,b; Masterlark and Lu 2004; Fukushima et al. 2005;
Lundgren and Lu 2006; Poland et al. 2006a; Wright et al. 2006; Yun et al. 2006; Hooper et al. 2007;
Calais et al. 2008; Biggs et al. 2009, 2010a,b; Fournier et al. 2010; Lu and Dzurisin 2010; Ji et al.
2013; Lee et al. 2013; Parker et al. 2014).

Figure 18.5 shows several interferograms of Mount Okmok, a dominantly basaltic volcano in the
central Aleutian volcanic arc, Alaska; each has a temporal separation of 1 year, and collectively they
span from 1997 to 2008. Okmok erupted during February—April 1997 and again during July—August
2008. The inter-eruption deformation interferograms suggest that Okmok began to reinflate soon after
its 1997 eruption, but the inflation rate generally decreased with time during 1997-2001: from about
10 cm/year during 1997-1998 to about 8 cm/year during 19982000, and further to about 4 cm/year
during 20002001 (Figure 18.5b—e). The rate increased again during 2001-2003 (Figure 18.5f and g),
reaching a maximum of about 20 cm/year during 2002-2003 (Figure 18.5g), before slowing to about
10 cm/year during 2003—-2004 (Figure 18.5h). The caldera floor subsided 3—5 cm during 2004-2005
(Figure 18.5i), rose a similar amount during 2005-2006 (Figure 18.5j) and then did not move appre-
ciably during 20062007 (Figure 18.5k). About 15 cm of uplift occurred from summer 2007 to 10 July
2008, shortly before the 12 July 2008 eruption (Figure 18.51). This remarkable series of interferograms
was interpreted as indicative of a variable rate of magma supply to a shallow storage zone beneath
Okmok during the inter-eruption period of 1997-2008 (Lu et al. 2010; Lu and Dzurisin 2014).

Modelling these interferograms using a Mogi source suggests that a magma storage zone cen-
tred about ~3.5 km beneath the centre of the 10 km diameter caldera floor was responsible for the
observed deformation at Okmok. The InSAR deformation images can be used to track the accu-
mulation of magma beneath Okmok as a function of time. The total volume of magma added to
the shallow storage zone from the end of the 1997 eruption to a few days before the 2008 eruption
was 85%-100% of the amount that was extruded during the 1997 eruption (Lu and Dzurisin 2014).

Because InSAR is an imaging technique with good spatial resolution, it is also highly effective for
mapping localized deformation associated with volcanic flows. For example, Figure 18.5k shows that
the 1997 lava flow at Okmok subsided about 3 cm/year during 2006—2007, nearly a decade after it was
emplaced. Lu et al. (2005) constructed two-dimensional finite element models of the localized deforma-
tion field and concluded that the subsidence likely was caused by thermoelastic cooling of the 1997 flow.
They also reported that a significant amount of subsidence (1-2 cm/year) could be observed with InSAR
even 50 years after emplacement of the 1958 lava flows at Okmok. This has implications for positioning
geodetic markers and deformation sensors at Okmok and other similar volcanoes, and for interpretation
of resulting point measurement data (e.g. GPS, tilt and borehole strain). InNSAR images can provide an
important spatial context for such endeavours, thus helping to avoid misinterpretations caused by unrec-
ognized deformation sources, such as young flows, localized faulting or hydrothermal activity.

18.5.3 INSAR COHERENCE IMAGE

An InSAR coherence image is a cross-correlation product derived from two co-registered complex-
valued (both intensity and phase components) SAR images (Zebker and Villasenor 1992; Lu and
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FIGURE 18.5 (a) Shaded relief image of Mount Okmok volcano in the central Aleutian Arc, Alaska. The
white square shows the extent of interferograms in (b-1). (b—I) Multitemporal 1-year InSAR images showing
the intereruption deformation of Mount Okmok from 1997 (after the end of the 1997 eruption) to 2008 (before
the 2008 eruption). InSAR deformation phase values are draped over the corresponding portion of the shaded
relief image. Each fringe (full colour cycle) represents 2.83 cm of range change between the ground and satel-
lite along the satellite LOS direction. Areas that lack interferometric coherence are uncoloured.

Freymueller 1998). It depicts changes in backscattering characteristics on the scale of the radar
wavelength. Constructing a coherent interferogram requires that SAR images correlate with each
other; that is, the backscattering spectrum must be substantially similar over the observation period.
Physically, this translates into a requirement that the ground scattering surface be relatively undis-
turbed at the scale of the radar wavelength during the time between measurements. Loss of InSAR
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coherence is often referred to as decorrelation. Decorrelation can be caused by the combined effects
of (1) thermal decorrelation caused by uncorrelated noise sources in radar instruments, (2) geo-
metric decorrelation resulting from imaging a target from very different look angles, (3) volume
decorrelation caused by volume backscattering effects and (4) temporal decorrelation due to surface
changes over time (Lu and Kwoun 2008).

InSAR coherence is estimated by cross-correlation of the SAR image pair within a small win-
dow of pixels. An InSAR coherence map is generated by computing the cross-correlation in a mov-
ing window over the entire image. The reliability of a deformation image or InSAR-derived DEM
map can be assessed based on the InSAR coherence map. On the one hand, loss of InSAR coherence
renders an InSAR image useless for measuring ground surface deformation. So for this application,
the greater the coherence shown by a coherence map, the more reliable is the associated deformation
image. Geometric and temporal decorrelation can be mitigated by choosing an image pair with a
short baseline and brief temporal separation, respectively, so choosing such a pair is recommended
when the goal is to measure surface deformation.

On the other hand, the pattern of decorrelation within a coherence image can provide useful
information about surface modifications caused by volcanic activities, such as heavy ash fall or vari-
ous types of flows. These phenomena modify the surface to a degree that coherence is lost, providing
an efficient means to delineate the impacted areas without detailed fieldwork. Even though useful
deformation measurements cannot be retrieved over areas of decorrelation, time-sequential InSAR
coherence maps can be used to map the extent and progression of eruptive products, such as active
lava flows. As an example, Figure 18.6 shows two TerraSAR-X InSAR coherence images along the
East Rift Zone and south flank of Kilauea volcano on the Big Island of Hawaii. The X-band images
do not maintain coherence in areas of dense rainforest outside the lava flow field from the 1983 to
the present Pu‘u ‘O‘0—Kupaianaha eruption, nor on an active lava flow in the central part of the flow
field (dark areas in the images). Elsewhere in the flow field, where young but inactive flows have
cooled and stabilized, coherence is generally maintained. As a result of these differences, we can
see that (1) flow activity extended all the way to the ocean during 15 September—23 December 2011,
and (2) from 25 January to 25 May 2012, the flow expanded laterally but did not reach the ocean.
Time-series images such as these can aid in mapping the extent and progress of volcanic flows, and
thus also in assessing the inundation threat to nearby areas.

18.5.4 DicitaL ELEvaTION MODEL

A precise DEM can be a very important dataset for characterizing and monitoring man-made and
natural hazards, including those posed by volcanic activity. For example, a DEM is necessary to
simulate potential mudflows (lahars) that are commonly associated with volcanic eruptions, large
earthquakes and heavy rainfall in steep terrain. The ideal SAR configuration for DEM production is
a single-pass (simultaneous) two-antenna system (e.g. SRTM). However, repeat-pass single-antenna
InSAR also can be used to produce useful DEMs. Either technique is advantageous in areas where
the traditional photogrammetric approach to DEM generation is hindered by persistent clouds or
other factors (Lu et al. 2003; Lu and Dzurisin 2014).

There are many sources of error in DEM construction from repeat-pass SAR images, includ-
ing inaccurate determination of the InSAR baseline, atmospheric delay anomalies and possible
surface deformation due to tectonic, volcanic or other sources during the time interval spanned by
the images. To generate a high-quality DEM, these errors must be identified and corrected using a
multi-interferogram approach (Lu et al. 2003, 2013; Lu and Dzurisin 2014). A data fusion technique,
such as the wavelet method, can be used to combine DEMs from several interferograms with differ-
ent spatial resolution, coherence and vertical accuracy to generate the final DEM product (Ferretti
et al. 1999). One example of the utility of precise InNSAR-derived DEMs is illustrated in Figure 18.7,
which shows the extent and thickness of a lava flow extruded during the 1997 Okmok eruption.
The flow’s three-dimensional distribution was derived by differencing two DEMs that represent the
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FIGURE 18.6 TerraSAR-X InSAR coherence images showing a portion of the East Rift Zone and south
flank of Kilauea volcano, Hawaii (inset). The images span (a) 15 September—23 December 2011 and (b) 25
January-25 May 2012. The extent of lava flows from the ongoing Pu‘u ‘O‘6—Kupaianaha eruption, which
began in 1983, is outlined in white. Areas outside the lava field are covered by dense rain forest, which results
in coherence loss (dark areas). The same is true for a flow in the central part of the field that was active while
the images were acquired. (Images were processed and provided by Michael Poland, USGS Hawaiian Volcano
Observatory.)

surface topography before and after the eruption. Multiple repeat-pass interferograms were used to
correct various error sources and generate the two high-quality DEMs (Lu et al. 2003).

The TerraSAR-X tandem mission for DEM measurements (TanDEM-X) was launched by the
German Aerospace Center (DLR) in 2010 (http:/www.dlr.de/hr/en/desktopdefault.aspx/tabid-2317/).
TanDEM-X is a high-resolution InSAR mission that relies on an innovative flight formation of
two tandem TerraSAR-X satellites to produce InSAR-derived DEMs on a global scale with accu-
racy better than that of SRTM (Krieger et al. 2007). X-band SARs on the two satellites record
data synchronously with a closely controlled baseline separation of 200-500 m. Precise baseline
information and simultaneous data acquisitions result in InNSAR images that are nearly immune to
the baseline errors, atmospheric contamination and temporal decorrelation that sometimes plague
DEMs derived from repeat-pass InNSAR. Thus, the TanDEM-X mission enables the production of a
global DEM of unprecedented accuracy, coverage and quality: TanDEM-X DEMs have a specified
relative vertical accuracy of 2 m and an absolute vertical accuracy of 10 m at a horizontal resolution
of 12 m (Krieger et al. 2007).



Radar Monitoring of Volcanic Activities 439

Okmok 50
- [40
R I
]
-30 =
&
5
| ®
-20 @
g
10
0

. ]
—~ 40 -
E ]
172} 30 |
2 1997 flows ]
< 20 1958 11997 flows | Older
S flows SN flows |
o]
= 10 -
_ )
0 -
0 1 2 3 4 5

Distance (km)

FIGURE 18.7 Thickness of lava flows from the 1997 eruption at Mount Okmok produced by differencing
pre- and post-eruption DEMs derived from InSAR. (a) Map view of the 1997 lava flows. The red line repre-
sents the flow perimeter based on field mapping in August 2001 (Lu et al. 2003). The inset is a shaded relief
image of Okmok; the black rectangle shows the extent of (a). (b) Lava thickness along the profile A-A" across
the 1997 flows and a small portion of the underlying 1958 flows that are not covered by 1997 flows. The loca-
tions of A-A’ are shown in (a).

18.6 MULTI-INTERFEROGRAM InSAR

When more than two SAR images are available for a given study area, multi-interferogram InSAR
processing can be employed to improve the accuracy of deformation maps (or other InSAR prod-
ucts) (Ferretti et al. 2001, 2007; Berardino et al. 2002; Hooper et al. 2007; Rocca 2007; Zhang et al.
2011, 2012; Lu and Dzurisin 2014; Lu and Zhang 2014). A goal of multi-interferogram InSAR pro-
cessing is to characterize the spatial and temporal behaviours of the deformation signal plus various
artefacts and noise sources (e.g. atmospheric delay anomalies, including radar frequency-dependent
ionosphere refraction and non-dispersive troposphere delay of the radar signals; orbit errors; and
DEM-induced artefacts) in individual interferograms, and then to remove the artefacts to retrieve
time-series deformation measurements at the SAR pixel level.

Among several approaches to multi-interferogram analysis, persistent scatterer InSAR
(PSInSAR) is one of the newest and most promising. PSInSAR exploits the distinctive backscatter-
ing characteristics of certain ground targets (PS; examples include buildings, houses, bridges, dams,
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large boulders or rock outcrops) and the unique characteristics of atmospheric delay anomalies
to improve the accuracy of conventional InSAR deformation measurements (Ferretti et al. 2001).
The SAR backscattering signal of a PS target has a broadband spectrum in the frequency domain,
which implies that the radar phase of a PS target correlates over much longer time intervals and
over much longer baselines than that of other targets. As a result, if the backscatter signal from a
given pixel is dominated by return from one or more PSs, the pixel remains coherent over longer
time intervals and longer baselines than it would in the absence of the PS pixels. Therefore, at PS
pixels, the limitation imposed by loss of coherence in conventional InSAR analysis can be over-
come. Because InSAR coherence is maintained at PS pixels, the atmospheric contribution to the
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FIGURE 18.8 (a—p) Time-series deformation maps for Mount Okmok based on PSInSAR processing of 19
Envisat SAR images acquired during 2003—-2008. The red star in the northeast quadrant represents the pixel
used for PSInSAR processing. The location of the CGPS station OKCD is indicated by a black cross (+) in (a).
(q) Comparison of time-series PSInSAR measurements (red triangles) with CGPS observations (blue dots) at
OKCD. PSInSAR displacements are with respect to the reference pixel; the start time of the PSInSAR time
series is 10 June 2003.
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backscattered signal, DEM error and orbit error can be identified and removed from the data using
a multi-interferogram iterative approach. After these errors are removed, displacement histories at
PS pixels can be resolved with millimetre accuracy. If a sufficient number of PS pixels exist in a
series of interferograms, relative displacements among them can provide a detailed picture of the
surface deformation field.

Figure 18.8a—p shows time-series deformation maps for the period 2003—2008 at Mount Okmok
based on PSInSAR processing of a stack of 19 Envisat SAR images. The average inflation rate
near the centre of the caldera is slightly less than 50 mm/year. The subsidence of 1997 lava flows
on parts of the caldera floor is also discernible in some of the images. The PSInSAR-derived time-
series displacements match CGPS measurements at nearby points (Figure 18.8q), demonstrating
that PSInSAR can be useful either as a stand-alone tool or in conjunction with other techniques to
track volcanic deformation.

18.7 CONCLUSION

Radar in various forms can provide timely observations of volcanic ash clouds, eruptive flows and
ground surface deformation before, during and after eruptions. SAR and InSAR products can be
used to (1) characterize changing volcanic landscapes that might otherwise be unmonitored or hid-
den from view, (2) map and measure the deformation of volcanic flows that can persist for decades,
(3) estimate physical parameters of subsurface magma reservoirs and conduit systems, (4) monitor
changes in reservoir volume and magma migration pathways and (5) contribute to eruption forecasts
and volcanic hazard assessments. With more satellite radar platforms either operational or in the
planning stages, SAR and InSAR are becoming increasingly important tools for studying volcanoes
and associated hazards.
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