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 Why UAVSAR? 

Satellite InSAR data of Okmok volcano Alaska illustrating the inter-annual 
build-up to the 2008 eruption and the larger 2008 co-eruption deflation. Left 
top, post-1997 eruption volume change and ESA Envisat interferogram 
showing the 10-15 cm inflation in prior year (lower left) to the July 13, 2008 
Okmok, Aleutians eruption (max VEI ~4). Right , InSAR data and volume 
change decay plot for the months following the initial eruption. [Lu et al., 
1998, 2005a, 2010; Lu and Dzurisin, 2010]. 

 
 
 

 

Satellite data (figure on right) can 
provide global coverage at fixed 
repeat intervals (depending on 
satellite). 
 
UAVSAR is deployed annually (in 
current study) with the possibility to 
return for temporally dense 
observations in the event of a 
significant volcano eruption crisis. 
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UAVSAR acquired under 1st phase of funding (2009-2011) 



             
 Pacaya Volcano Guatemala 

2010-2011 UAVSAR data 



             
 Pacaya Volcano Guatemala 

Slope instability? 
(spans May 2010 eruption) 

2010-2011 UAVSAR interferogram 



             
 Pacaya Volcano Guatemala 

2010/01/29-2010/02/11  
UAVSAR data 



             
 Pacaya Volcano Guatemala 

Slope instability? 
(~2 week interferogram) 

2010/01/29-2010/02/11 UAVSAR interferogram 



             
 

Proposed Volcano Flight Plans in Japan 

•  Volcanoes will be 
imaged from opposite 
flight directions in most 
cases (some will also be 
flown at 90° for ~3D 
resolution) 

•  Repeat interval 1 year 

•  Possibility to return 
earlier in case of 
significant precursory 
evidence for a future 
volcano eruption  



             
 South America 2013 



             
 Colombia 

Colombia UAVSAR data from 
March 2013 flights already 
processed to polarimetry data 
products (map on right) 
 
 
 
Example over Galeras Volcano 



             
 Colombia 

Polarimetry UAVSAR image from 
Purace volcano 
 



             
 Ecuador 



             
 Peru 

UAVSAR lines flown in 2013: all volcanoes imaged from opposite flight directions 



             
 

Courtesy Tim Orr, HVO 
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Examples from Kilauea Volcano 

Collaborators:  M. Poland2, A. Miklius2, S.-H. Yun1, E. Fielding1, Z. Liu1, 
A. Tanaka3, W. Szeliga4, S. Hensley1, and S.Owen1 

  
 

1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA 
2Hawaiian Volcano Observatory, U.S. Geological Survey, Hawaiian Volcanoes Nat’l Park, 

HI, USA 
3Geological Survey of Japan, AIST, Tsukuba, Ibaraki, Japan 

4Dept. of Geological Sciences, Central Washington University, Ellensburg, WA, USA 



             
 

Kilauea, Hawaii 
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Hawaii InSAR tracks (A) and (B) Kilauea/E Rift focus area around 
Kamoamoa eruption (fissures in red, courtesy T. Orr, HVO, GPS sites green 
dots) 



             
 DI Events: January 2010 

Kilauea Caldera Deflation-Inflation events 

TSX TSX UAVSAR 

UWE electronic tilt meter 
SAR acquisitions 



             
 March 5-9, 2011 Kamoamoa Eruption 
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Pu`u `O`o  Napau 

ERZ Fissure  eruption Kilauea summit tilt 

Eruption started late afternoon March 5 (HST) with Pu`u `O`o 
tilt (deflation) starting 30 min prior to Kilauea tilt (deflation) 



             
 Near-real time COSMO-SkyMed data 

18 1st interferogram on March 7, ~12 hrs after acquisition 

© ASI 2011 



             
 UAVSAR spanning eruption 

UAVSAR interferograms, 
(Jan 2010 – May 2011), 
1.4 years, spanning the 
March 5-9, 2011 eruption  

Radar 
look 
direction 

uavsar.jpl.nasa.gov for more info. 

22°-72° 

27°-69° incidence angle 

19°-66° 



             
 

            The March 2011 Kilauea Fissure 
Eruption 

 

UAVSAR plus satellite InSAR and GPS data 
were used to constrain the detailed dike 
opening models and dike volume history 
shown in the next slide. 

Figure 1. Maps of Hawaii, Kīlauea Volcano, and the Kamoamoa 
eruption area. (A) Satellite and airborne SAR processed scenes: in 
red, ALOS tracks, green, COSMO-SkyMed, black, TerraSAR-X, and 
blue, UAVSAR. (B) Close-up view of Kilauea, showing GPS sites 
(green dots), tilt meter sites (red dots), and the Kamoamoa fissures 
(red lines). Dashed box shows the interferogram area and the 
smaller solid box is the area shown in (C). (C) Close-up view of the 
fissures and lava flows.   

Figure 2. UAVSAR interferograms for the dashed box area in Fig. 1B. Each interferogram is from a different viewing 
directions as indicated by the aircraft heading (gray) and look direction (black) arrows and their near to far range ground 
incidence angles. 



             
 Interferograms ending March 6-11 

ALOS t598 2011/01/19-2011/03/06 CSK ASC 2011/02/11-2011/03/07 

CSK DESC 2011/02/14-2011/03/10 CSK ASC 2011/0203-2011/03/11 

ALOS t287 201012/07-2011/03/09 

ALOS t601 2011/01/24-2011/03/11 

TSX t24 2011/01/04-2011/03/11 

Unwrapped interferograms: 12 cm/cycle ALOS; 1.5 cm/cycle TSX and CSK 

L-band (ALOS) better coherence vs X-band 
(but higher noise over bare rock) 



             
 

            The March 2011 Kilauea Fissure 
Eruption 

 

March 6 

March 11 

May 3-9 

Figure 3. InSAR + GPS constrained 
model side views of dike opening for 
three dates: March 6, within 24 hours of 
the eruption start (ALOS); March 11, after 
the end of the eruption (ALOS, CSK, 
TSX); and early May (UAVSAR). The 
models show growth in amount of 
opening and area and suggest the dike 
was fed from its deeper limb plunging to 
the left and a shallower limb to the right. 

Figure 4. Dike volume 
increase as a function of 
time for the dates with 
InSAR data and models. 
Following the end of the 
eruption (March 9) there 
was continued dike volume 
increase as shown by the 
March 10-11 model and the 
UAVSAR constrained May 
models. 

Figure 5. Conceptual model for the Kīlauea magmatic system related to the 
summit caldera source, the Puʻu ʻŌʻō conduit, and the ERZ conduit thought to 
exist below 3 km depth. Model for March 6 is shown, red arrows show our 
interpretation of magma feeding the dike intrusion from the ERZ conduit from 
the up-rift limb of the dike and from the Puʻu ʻŌʻō conduit in the down-rift 
direction.  

Dike models give a detailed 
view of the dike complexity 
and details that help explain 
the simultaneous feeding of 
the dike from sources 
beneath both Kīlauea 
Caldera and Puʻu ʻŌʻō. 

Satellite+GPS 

Satellite+GPS 

UAVSAR+GPS 



             
 Post-diking deformation… 
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 Post-diking GPS TS and 

displacements 

UAVSAR flight dates 
shown by green/red lines 
through U time series. 
TS shown for only a 
subset of GPS sites on 
map. 

East North Up 



             
 UAVSAR post-diking: line 239 

(right) Three 
independent 
interferograms.  
(left) stack of the 
three interferpgrams 

27°-69° 



             
 UAVSAR post-diking: line 59 

(right) Three 
independent 
interferograms.  
(left) stack of the 
three interferograms 

22°-72° 



             
 

U3 

U3 

U2 

Starting model 

Post-diking MCMC modeling 

Model set-up was designed to address the type of 
process observed by Desmarais and Segall (2007): 
  near vertical dikes in starting model 
  horizontal detachment fault 



             
 Post-diking TSX, CSK, 

UAVSAR, GPS 

27°-69° 

30° 

39° CSK 

TSX 

UAVSAR 

data synth resid 

22°-72° 

40° CSK 

UAVSAR 

data synth resid 



             
 

U3 

U3 

U2 

Starting model 

MCMC model after 106 iterations 

Post-diking MCMC modeling 



             
 Co-eruption Δσ viewed from W 

Positive Szz promotes opening 
of horizontal sills  

Positive Syy promotes opening 
of vertical dikes  

Sill opening promoted Shallow dike opening inhibited, 
but in area of complex stress 
change 



             
 Comparison with past dikes 

of 5–7° of vertical. This range of dips is observed in the
exposed rift zone of Ko’olau (Walker 1987). Strike and
position are primarily defined by the rift zone geology.

Time and space dependent model

We model the post-intrusion deformation as resulting from
a combination of transient rift opening, P(t)rift, transient
decollement slip, S(t)decollement and volume change of the
summit magma chamber, V(t)mogi. In practice, we only
estimate rift opening and magma chamber volume since
including the decollement does not significantly improve
the solution.

In addition to deformation signals, the GPS data include
various sources of noise including random benchmark
motions, L(x,t—to), modeled as Gaussian random walk. ɛ
represents unmodeled white noise errors, including multi-
path, unmodeled atmospheric phase delays, and all other
sources of unmodeled error. A Helmert transformation, Ff
(t), accounts for rigid translations, rotations, and scaling
due to daily errors in realizing a stable GPS reference
frame. Here, f(t) is assumed to be a white noise process
(i.e., uncorrelated in time). Thus, the observation equation
we use is:

ΔX! vsect

¼ GmðtÞ þ Lðx; t ! toÞ þ FfðtÞ þ ɛ
(1)

where ΔX— vsect is the position of the GPS antenna,
relative to an a priori estimate, and corrected for average
velocity, vsect. G are the elastic Green’s functions in a
homogeneous isotropic half-space which relate each
deformation source model to the observed displacements.
The source model, Gm(t) is:

GmðtÞ ¼GPPðtÞrift þ GSSðtÞdecollement

þ GVV ðtÞmogi:
(2)

Additional details on the various error terms are given in
Miyazaki et al. (2003) and the integration of the
observation equation into the ENIF is detailed in McGuire
and Segall (2003).
To model the distributed fault slip and rift opening, we

subdivided the dike and decollement into a grid of
rectangular patches. The ENIF only activates patches that
are required to fit the data at each epoch. The edges of the
dike opening were smoothed to zero using a Laplacian
smoothing operator. The amount of smoothing is estimated
within the ENIF from the data.
The ENIF incorporates the estimation of temporal

smoothing, spatial smoothing, random walk and data
error scale parameters allowing the data to determine the
amount of scaling required. Previously, these scaling
parameters would have been estimated using the maximum
likelihood method (Segall and Matthews 1997). Temporal
smoothing controls how much each estimate varies from

epoch to epoch. Spatial smoothing ensures that the the
stresses vary smoothly between fault patches. The random
walk parameter controls how much benchmark wobble is
allowed per day, and the data error scale determines how
much the errors are weighted. Non-negativity constraints
on fault slip and rift opening are also implemented within
the ENIF (McGuire and Segall 2003).

Non-negativity constraints are imposed to keep the
models physically reasonable. Rift opening, seaward
decollement slip and magma chamber inflation are defined
as positive. We assume that significant closing of the co-
eruptive dike is not likely because it would freeze quickly
at such shallow depth. Similarly, northward slip on the
decollement is unlikely because it is gravity driven and the
topography slopes to the south. Because we have removed
the average velocities, the estimated slip and opening
represent departures from steady state. We relaxed the non-
negativity constraints on the magma chamber to freely
allow inflation or deflation based on what the data requires.

The ENIF was run using the observation equation
(Eq. 2) and daily GPS data from 1 February 1997 to 31
December 1997. The optimal dimensions of the fixed
uniform opening dike were extended down to a decolle-
ment at 9 km depth. The modeled planar deformation
sources were divided into patches that are 0.5 km on each
side. As in the cumulative static model, we also include the
summit magma chamber from Owen et al. (2000b) fixed
throughout the time-dependent model at a depth of 1.2 km.
The filtering results are presented in the next section.

Results

The space–time history of the best-fitting transient defor-
mation model shows a quick acceleration of opening
followed by a longer deceleration (Fig. 4). Predicted
displacements from the preferred model are plotted with
observed data in Fig. 3. The modeled rift opening, P(t)rift,
shows that the transient rift extension was a shallow
isolated process along the rift between Nāpau and
Makaopuhi craters (Fig. 5).

Fig. 5 Dike parallel cross section of both the 1.96 m uniformly
opening 30 January 1997 intrusion dike and the cumulative
distributed slip modeled in this study

358

Desmarais and Segall, 2007 

Models of 2011 and 1997 post-
diking (Desmarais and Segall, 
2007) are quite different, with the 
latter finding deeper (2-4 km) 
opening compared to both shallow 
dike opening and deep sill 
opening 

Surface traces of recent dikes (from M. Poland) 



             
 Future directions 

Volcano eruption 
time-critical decision 
support 

UAVSAR needed for volcano rapid response: 
•  Need dense temporal sampling when system is most dynamic 
•  Need for low-latency data 
•  Need to characterize signals to drive models that will improve forecasts 
Current efforts in the Pacific “Ring of Fire” are designed to lay the 
foundation for future volcano eruption response. 
 
Need topographic change for effusive eruptions, including lava domes 
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Copahue RADARSAT−2 descending TS

RADARSAT-2 showing ~1-year inflation 
leading up to the December 2012 
eruption 

Red + raw InSAR TS for area of peak deformation; blue + smoothed TS. Mean velocity map for smoothed solution. Fringe rate is 2 cm/yr. 

Copahue Volcano, Southern Andes 

RADARSAT-2 interferograms courtesy S. Samsonov, CSA; TS processing by P. Lundgren, JPL 
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 InSAR time series for one year (late July 2010 – August 2011) of COSMO-SkyMed data. (A) Ascending track mean 
velocity (5 cm/yr color cycle). Arrows indicate approximate locations of time series shown in (C) and (D). (B) 
Descending track mean velocity. (C) Point time series for Kilauea caldera and (D) for points near the Kamoamoa 
dike eruption. The March 2011 fissure eruption shows sharp deflation at Kilauea until mid-2011, whereas (D) 
shows post-dike transient. Plus (+) signs are unsmoothed time series, circles are time series with a temporal 
triangular filter width of 3 weeks. Ascending data time series are shifted relative to the descending data. A and B 
in (C) and (D) refer to series from (A) and (B). 

A 

B 
  

C 
  

D 
  

C 

C 

D 

D 

Kilauea: CSK time series 

Arrows show Kilauea summit deflation and ERZ opening due to March 
2011 fissure eruption. 



             
 Pre-eruption deformation 

Precursory 
deformation south of 
Kilauea caldera in 
the 3 weeks prior the 
Kamoamoa eruption 
are several fringes at 
X-band and would 
only be about half a 
fringe at L-band. 
 
 

Occurred over 3-4 weeks 



             
 Summary 

•  UAVSAR applied to active volcanoes has been successful in 
constraining dike opening of the 2011 Kamoamoa eruption, Kilauea 
volcano, Hawaii. 

•  Post-diking deformation from multiple look directions from UAVSAR 
are important for constraining deep dike accommodation. 

•  Local deformation at volcanoes such as Pacaya Volcano, 
Guatemala, provide important insight into edifice deformation and 
slope hazard. 

•  Future repeat observations in Japan and South America expand 
background observations that will provide the basis for responding 
to future large eruptions in the Pacific Rim.  
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