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Abstract Uplift of a broad area centered ~6 km west of the
summit of South Sister volcano started in September 1997
(onset estimated from model discussed in this paper) and
was continuing when surveyed in August 2006. Surface
displacements were measured whenever possible since
August 1992 with satellite radar interferometry (InSAR),
annually since August 2001 with GPS and leveling surveys,
and with continuous GPS since May 2001. The average
maximum displacement rate from InSAR decreased from
3–5 cm/yr during 1998–2001 to ~1.4 cm/yr during 2004–
2006. The other datasets show a similar pattern, i.e., surface
uplift and extension rates decreased over time but defor-
mation continued through August 2006. Our best-fit model
to the deformation data is a vertical, prolate, spheroidal
point-pressure source located 4.9–5.4 km below the surface.
The source inflation rate decreased exponentially during
2001–2006 with a 1/e decay time of 5.3 ± 1.1 years. The
net increase in source volume from September 1997 to
August 2006 was 36.5–41.9 x 106 m3. A swarm of ~300
small (Mmax=1.9) earthquakes occurred beneath the
deforming area in March 2004; no other unusual
seismicity has been noted. Similar deformation episodes

in the past probably would have gone unnoticed if, as we
suspect, most are small intrusions that do not culminate
in eruptions.
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Background

Three Sisters in the central Oregon Cascade Range is a
long-lived center of basaltic to rhyolitic volcanism that
includes three large composite cones of Quaternary age:
Middle Sister, South Sister, and Broken Top. Most, if not
all, of Middle and South Sisters is of late Pleistocene age
(Calvert et al. 2003; Fierstein et al. 2003). South Sister’s
most recent eruptions occurred in two closely spaced
episodes between 2.2 ka and 2.0 ka, producing rhyolite
tephra, pyroclastic flows, lava flows, and lava domes from
vents on the volcano’s south, southeast, east, and north
flanks (Scott 1987). As recently as 1.6 to 1.2 ka, domi-
nantly effusive eruptions of basaltic and andesitic lavas
immediately north of Three Sisters built large shield
volcanoes (e.g., Belknap Crater) and isolated cinder cones
and lava flows (e.g., Collier Cone) (Scott et al. 2001;
Sherrod et al. 2004).

The discovery in April 2001 of crustal uplift centered
near South Sister, which was recognized from time-
sequential radar interferograms to have started sometime
during 1996–1998, prompted increased seismic, geodetic,
and geochemical monitoring of the area. This paper reports
results of ongoing geodetic studies including radar interfer-
ometry, annual GPS and leveling surveys, and continuous
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GPS observations through 2006. It updates earlier reports
through 2000 and 2003 (Wicks et al. 2002; Dzurisin et al.
2005) and presents new modeling results that improve on
previous efforts.

Uplift at Three Sisters was discovered by Wicks et al.
(2002), who produced several interferograms from radar
images acquired during 1992–2000 by the European Space
Agency’s (ESA) ERS-1 and ERS-2 satellites. The interfero-
grams showed progressive uplift of a ~10 x 20 km area
centered ~5 km west of the summit of South Sister, starting
sometime between August 1996 and September 1998.
Wicks et al. (2002) modeled the source as a point pressure
source (Mogi 1958) 6.5±0.4 km deep with a volume
increase through September 2000 of 23 ± 3 x 106m3,
corresponding to an average inflation rate of 5.8 x 106m3/yr
if the onset of inflation was August 1996 (11.5 x 106m3/yr
if September 1998). They attributed the uplift to an ongoing
episode of magma intrusion.

Dzurisin et al. (2005) reported results from: (1) addi-
tional radar interferograms through 2001 (no useful
interferograms were obtained for 2002 or 2003); (2) tilt-
leveling surveys at South Sister in 1985, 1986, and 2001;
(3) electro-optical distance meter (EDM) surveys at South
Sister in 1985 and 1986 compared to a GPS survey in 2001;
(4) campaign GPS observations in 2001, 2002, and 2003 of
a network of bench marks spanning the deforming area; (5)
continuous GPS (CGPS) stations HUSB and PMAR,
established in May 2001 and April 2002, respectively
(station WIFC was added in July 2004); and (6) leveling
surveys in 2002 and 2003 along two lines that intersect near
the deformation center. They simultaneously inverted the
radar interferometry (InSAR), GPS, and leveling data using
a point pressure source (Mogi 1958), an ellipsoidal source
(Yang et al. 1988; Fialko and Simons 2000; Fialko et al.
2001), and a dislocation source (dike or sill) (Okada 1985;
Feigl and Dupré 1999). The best fit was produced by a
shallowly dipping sill centered at 6.5 ± 2.5 km depth and
inflating at an average rate of 5.0 ± 1.5 x 106m3/yr, which
Dzurisin et al. (2005) interpreted as magmatic intrusion
along the brittle-ductile interface.

In this paper we report GPS, leveling, and InSAR results
for the Three Sisters area through 2006, which show that
the inflation rate decreased exponentially during 1997–
2006. Using the same datasets through 2003, Dzurisin et al.
(2005) assumed that the inflation rate was constant from
1995 to 2003. We show here that this assumption skewed
the earlier analysis toward an incorrect dipping sill model.
Our analysis of longer time-series datasets shows that a
vertical, prolate spheroid source with time-invariant loca-
tion and shape, but an exponentially decreasing inflation
rate, provides the best fit to all of the deformation
datasets for the entire inflation episode through August
2006.

Geodetic data, 2001–2006

SAR interferometry (InSAR)

Interferograms produced from images acquired by ERS-1
and ERS-2 from 1992 to 2001 were discussed by Wicks et
al. (2002) and Dzurisin et al. (2005). Useful interferograms
were obtained only with autumn-to-autumn image pairs, for
two reasons: (1) enduring winter snow cover in the area
(typically October–July) causes rapid loss of coherence,
and (2) the surface deformation rate was too low (few cm/
yr) to be measured reliably over shorter intervals, given the
resolution of the InSAR technique (2.83 cm/fringe at C-
band) and the orbit repeat intervals of operational SAR
satellites (24–46 days).

Our attempts to make useful interferograms for 2002–2003
from ERS images were unsuccessful. For 2004–2006, we
used images acquired by Envisat, the European Space
Agency’s follow-on to the ERS satellites, to produce two
interferograms presented here. Each spans a 735-day interval,
shifted 4 days with respect to the other, from September 2004
to October 2006. One is from descending track 385 and the
other is from ascending track 435 (Table 1, Figs. 1 and 2). We
were not able to produce a useful interferogram for 2005–
2006, nor for any interval shorter than about one year.
Except under very special circumstances, ERS and Envisat
images cannot be combined to produce interferograms owing
to technical differences between the radars, so there are no
interferograms that span, for example, 2001–2004.

Despite some minor differences, both of the 2004–2006
interferograms show a similar pattern of ground deforma-
tion centered a few kilometers west of the summit of South
Sister. Maximum range change is nearly one fringe
(28.3 mm for Envisat) in both cases. The average maximum
range change for 2004–2006 (~0.5 fringe/yr or ~1.4 cm/yr)
is about half the rate reported by Wicks et al. (2002) for
1996–2000 and by Dzurisin et al. (2005) for 2000–2001
(~1 fringe/yr in both cases). The Three Sisters area is
located at far range in images acquired on track 435, so
special processing of the raw backscatter data is required to
produce a focused SAR image centered in that area. This
results in lower signal-to-noise and weaker coherence at
extreme far range, which is apparent in the eastern third of
Fig. 2 where coherence is lost entirely (see “Methods”, item
1). Coherence is also lost in the western part of the
interferogram owing to dense forest cover. Small atmo-
spheric phase-delay anomalies are likely present and can
account for subtle differences between the 2004–2006
interferograms. One obvious difference, an east-west shift
in the location of maximum range change, results from the
different viewing geometries for ascending and descending
tracks (see “Methods”, item 2). We accounted for this effect
in the models discussed below.
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In Fig. 3, we compare vertical surface displacements
from August 2004 to August 2006, as measured by InSAR
and leveling, along two level lines that intersect near the
deformation center (see “Methods”, item 3). Relative height
changes measured by leveling were converted to absolute
vertical displacements using the best-fit model discussed
below. The zero-change datum for the interferograms was
taken to be the average of several points that are distant
from the deformation center and where coherence is good
in both interferograms. Maximum uplift measured by the
two techniques is similar: 19.8 ± 3.7 mm at bench mark 5

from leveling and 26.8 ± 10 mm at 6 from InSAR. Stated
uncertainty in the leveling observation includes the effects
of random leveling error, benchmark instability, and
uncertainty in our best-fit model (see Leveling Surveys).
Uncertainty in the InSAR measurement is estimated from
experience with numerous C-band interferograms and is
otherwise unconstrained.

Continuous GPS (CGPS) observations

To continuously track deformation in the Three Sisters area,
the U.S. Geological Survey (USGS), working in coopera-

Table 1 Parameters for interferograms discussed in text. Satellite unit look vector is positive in the direction (East, North, Up). For information
about the Advanced Synthetic Aperture Radar (ASAR) aboard Envisat, see http://www.eurimage.com/products/envisat.html and http://envisat.esa.
int/object/index.cfm?fobjectid=3772

Mode–Track Image 1 Date Image 2 Date Interval (days) Baseline (m) Satellite Unit Look Vector

IS2–T385 (descending) 26 Sept. 2004 01 Oct. 2006 735 91 (0.34, −0.08, 0.94)
IS2–T435 (ascending) 30 Sept. 2004 05 Oct. 2006 735 107 (−0.45, −0.09, 0.89)

“Baseline” refers to the horizontal separation between vantage points for two overlapping SAR images, measured perpendicular to the SAR
trajectories. To preserve the interferometric effect, the baseline distance must be less than ~1 km. Image pairs with long baselines are sensitive to
topography and therefore are a good choice if the goal is to produce a digital elevation model (DEM). Shorter baselines are preferable if the goal is
to measure ground deformation, because the sensitivity to topographic errors is correspondingly lower.
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phy, for 26 September 2004–01 October 2006 from Envisat images
acquired along descending track 385 (Table 1). NS, North Sister; MS,
Middle Sister; SS, South Sister; BT, Broken top; MB, Mount
Bachelor; N-S, north end of north-south level line; W-E, west end of
west-east level line; triangles, bench marks along level lines
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Fig. 2 Interferogram of the Three Sisters area, draped over topogra-
phy, for 30 September 2004–05 October 2006 from Envisat images
acquired along ascending track 435 (Table 1). Symbols as in Fig. 1.
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Table 1 Parameters for interferograms discussed in text. Satellite unit
look vector is positive in the direction (East, North, Up). For
information about the Advanced Synthetic Aperture Radar (ASAR)

aboard Envisat, see http://www.eurimage.com/products/envisat.html
and http://envisat.esa.int/object/index.cfm?fobjectid=3772
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tion with the U.S. Forest Service (USFS), installed three
CGPS stations during 2001–2004. HUSB, located ~2 km
northwest of the deformation center, was installed near
The Husband in May 2001. PMAR at Pine Marten Lodge
on the north flank of Mount Bachelor was added in April
2002. The station is located ~15 km southeast of the
deformation center, near the southeast margin of the
deformation field delineated by InSAR. The third station,
WIFC, was installed near The Wife, ~4 km southeast of
the deformation center, in July 2004 (Fig. 4). All three
CGPS stations are subject to ice and snow accumulation in
winter, and WIFC was damaged by snow creep in winter
2005. We did not attempt to analyze the small amount of
useful data recorded at WIFC before the station was
damaged.

GPS data were processed with GIPSY/OASIS II soft-
ware using the point-positioning method (Zumberge et al.
1997)), following procedures outlined by Savage et al.
(2001a). We computed station positions in the ITRF2000
reference frame and transformed them into a nominally
stable North American Plate reference frame. About 50
global stations with well-determined velocities were in-
cluded in the solution. Using QOCA (Dong et al. 1998), the
daily solutions were translated into a local reference frame
defined by a subset of CGPS stations that are outside the
volcanically deforming area and that have well-determined
positions and velocities. QOCA applies a Helmet transfor-
mation to the loosely constrained daily solutions for
stations in the local network to produce solutions in which
the positions of the local reference stations are most
consistent with their projected values. No position con-
straints were applied to stations in the volcanically deform-

ing area near Three Sisters. This operation removes a
common-mode daily bias in the solutions (equivalent to
small local network translations), and it can reduce scatter
in station-component time series by a factor of 2 to 3
(Williams et al. 2004).

Previous geodetic studies of the Cascadia margin (Svarc
et al. 2002; McCaffrey et al. 2000, 2007) revealed that the
Three Sisters region is undergoing steady rigid-body
rotation about a pole located near the eastern boundary of
Oregon. The more detailed studies by McCaffrey et al.
(2007) divided Oregon into several blocks separated by
bounding faults. To reveal the volcanic deformation near
Three Sisters, we estimated and removed the background
tectonic motion using the method described by Savage et al.
(2001a, b) to compute a best-fitting Euler pole, rotation
rate, and residual strain (Table 2). We modeled velocities
from 17 campaign GPS stations located in eastern Oregon
outside of the Three Sisters area, along with those from the
Pacific Northwest Geodetic Array (PANGA) CGPS stations
REDM (east of Three Sisters) and GOBS (northeast). Our
results are comparable to the m05G model, block OrID
results of McCaffrey et al. (2007).

The daily displacement component time series from
station HUSB (Fig. 5), corrected for predicted background
horizontal tectonic motion, indicate that the rate of inflation
has decayed progressively since station HUSB was
installed in May 2001. Decaying displacements also were
observed at station PMAR. We applied the maximum
likelihood estimator (MLE; Langbein 2004) to model the
station displacement component time series as the sum of a
mean value, a linear rate (steady tectonic background
deformation), annual and semi-annual perturbations (sea-

Fig. 3 Profiles of elevation
change from InSAR (diamonds)
and leveling (circles, 1 standard
deviation error bars) along two
level lines for August 2004–
August 2006. Red, N–S line;
blue, W–E line. Lines intersect
at P. Elevation changes were
calculated from range changes
measured along Envisat ascend-
ing track 435 and descending
track 385 (“Methods”, item 3).
Both InSAR and leveling pro-
files show greatest uplift near O,
consistent with our best-fit
model derived from leveling and
GPS observations. See Fig. 2 for
mark locations and text for
discussion
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sonal noise), and exponentially decaying deformation
(volcanic deformation):

di ¼ D0 þ R ti � t0ð Þ þ S sin 2pf ti � t0ð Þ þ fð Þð Þ þ ae�b ti�t0ð Þ

ð1Þ
where t0 is the time that the deformation episode began, the
observation di is made at time ti, and D0, R, S, ϕ, a, and b
are constants to be determined (b=1/τ, where τ is the 1/e
decay time in years).

CGPS data are affected by both random and temporally
correlated noise (white noise, WN, and colored noise, CN,
respectively). The regression for rate and decay parameters
must account for WN and, at minimum, two types of CN:
flicker (FL) and random walk (RW) noise (Langbein 2008).
Our MLE regression allowed the noise model to vary along
with the rate and decay parameters.

The high mountain locations of stations HUSB
(2,038 m) and PMAR (2,348 m) expose them to severe
weather that can bury the GPS antennas in snow or coat
them with rime, which shifts the antenna phase center and
produces pseudo-offsets in the displacement time series. As
part of the regression, we identified and removed as outliers
those station displacements with either a horizontal com-
ponent residual greater than 5 mm or a vertical component
residual greater than 15 mm. A total of 146 (8%) of 1869
HUSB and 289 (17%) of 1706 PMAR daily observations
were identified as outliers. Nearly all of the outliers
occurred during winter.

In our initial unconstrained MLE regression of Eq. 1, we
found that the slowly decaying CGPS displacements were
best fit by background rates much higher than those
predicted by the tectonic model. This result is unreasonable,
so we constrained the decay rate for volcanic deformation
to be longer than 1.5 years. Then we constrained the
background rate, R, to that predicted by the tectonic model
and assumed that displacement components (East, North,
Up) at stations HUSB and PMAR decayed at the same rate.
The MLE regression was run iteratively through a range of
decay rates (b) to estimate the exponential coefficient (a)
and the WN (mm), FL (mm/yr0.25), and RW (mm/yr0.5)
noise components. The resulting MLEs (misfits) were
summed for each value of b and the minimum summed
MLE, with its corresponding noise model, was chosen to be
the best-fitting decay rate (Table 3). With these constraints,
the 1/e decay time for the Three Sisters deformation
episode is 5.3 ± 1.1 years at 95% confidence.

Wicks et al. (2002) concluded from InSAR observations
that the Three Sisters deformation episode began sometime
between August 1996 and September 1998. However, for
our time series analysis we used a start time of May 2001,
the date when station HUSB was installed. Later in this

Fig. 4 Map of CGPS (red) and campaign GPS (white) stations on a
background of gray shaded relief and colored InSAR total range
change from August 1995 to August 2001. Stations shown as squares
were first surveyed in 2001, those shown as triangles were added in
2002, and those shown as circles were added in 2003 or 2004. Thick
black line marks the level lines and large black circle the center of
uplift as determined from the GPS and level surveys. Four tilt-leveling
stations are shown as stubby black lines (dashes) on the flanks of
South Sister, surrounding the volcano’s summit (red star). See text
(“Modeling Results”) for details

Parameter Svarc et al. (2002) McCaffrey et al. (2007) This Study

Latitude of pole, °N 43.40±0.14 45.99±0.20 44.62±0.14

Longitude of pole, °W 119.33±0.28 115.46±0.20 116.49±0.68

Angular Velocity, deg Myr−1 −0.822±0.057 −0.406±0.021 −0.547±0.078
εEE , nstrain yr−1 −7.4±1.8 −8.6±2.4
εEN , nstrain yr−1 −3.4±1.0 0.1±1.4

εNN , nstrain yr−1 −5.0±0.8 −4.7±1.4
Normalized variance 1.6 0.9

Table 2 Best-fit Euler vectors
and uniform strains based on
campaign GPS and continuous
GPS data from this study (col-
umn 4), compared to results of
earlier studies (columns 2 and 3)

Values for the McCaffrey et al.
(2007) study are for model
m05G, block OrId.
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paper, we apply the decay rate derived from the analysis of
HUSB and PMAR CGPS data to estimate when the episode
began and the projected source volume change.

Campaign GPS observations

Dzurisin et al. (2005) described the campaign GPS network
at Three Sisters and reported results for 2001–2003.
Thirteen new stations were added in 2003, and almost all
stations were surveyed with similar equipment and proce-
dures in 2004, 2005, and 2006 (Fig. 4). GPS station
velocities and modeling results through 2003 reported by
Dzurisin et al. (2005) assumed that the deformation rate
was constant with time. However, our time-series analysis
of the displacement of CGPS stations HUSB and PMAR
shows instead that the deformation rate decayed predictably
with time. The spatial pattern of time-dependent deforma-
tion was estimated by assuming an exponential decay rate
and calculating the exponential coefficient that best-fits the
campaign GPS station displacement components through
time.

In the campaign GPS time-series analysis, we corrected
observed horizontal displacements for background defor-
mation predicted by our tectonic model (Table 2), set the
start time t0 to 2001.4 (May 2001), and constrained the
decay time b=1/5.3 year−1 to that derived from the CGPS
data. We assumed no accumulating background vertical
displacements. The campaign GPS observations were made
at roughly the same time each year (August–September), so
annual and semi-annual terms in Eq. 1 were ignored. A
noise model was prescribed because of the small number of
surveys. The fixed WN, FL, and RW noise components
were scaled up from the values obtained from the CGPS
analysis, with the horizontal displacement component noise
computed using WN=3 mm, FL=6 mm year−0.25, and

Fig. 5 Time series of HUSB displacement components. Data are
corrected for steady tectonic background movement and seasonal
perturbations. Error bars represent ± 1 standard deviation. Thick solid
line is best-fitting rate of exponential decay and thin solid lines are
95% confidence limits of this fit (see Table 1)
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RW=2 mm year−0.5, and vertical component noise com-
puted using WN=10 mm, FL=12 mm year−0.25, and RW=
3 mm year−0.5. When the RMS scatter from the exponential
fit exceeded the predictions of the noise model, we allowed
the WN component to increase until the scatter matched the
noise model. Best-fitting exponential coefficients and their
1 standard deviation uncertainties are given in Table 4. The
horizontal coefficients and their estimated 95% confidence
error ellipses are plotted as vectors in Fig. 6a, and the
vertical coefficients and their 95% confidence error bars are
plotted in Fig. 6b. Horizontal displacement vectors radiate
outward from a point ~6 km west of the summit of South
Sister, where vertical displacements are largest.

Leveling surveys

Level lines along two USFS trails that intersect near the
James Creek shelter, within 2 km of the deformation center,
were established in September 2002 and measured each
August or September from 2002 to 2006. Previously, four
tilt-leveling lines, each 200–320 m long, had been
established on the flanks of South Sister in 1985 and
remeasured in 1986 and 2001 (Dzurisin et al. 2005). They
are difficult to access with leveling equipment and not well
situated to track the broad deformation field that began
developing to the west in 1996–1998. For that purpose, we
established longer lines along trails closer to the deforma-
tion center. The north-south line along James Creek Trail
3546 is 13.6 km long (stadia distance) and comprises bench
marks V–A; O is at the shelter. Marks V–I were observed
in 2002 and 2004; V–J in 2003, and V–A in 2005 and
2006. The west-east line along Separation Creek Trail 3524
is 3.2 km long and comprises marks 9–1 plus P, where it
intersects the north-south line (Fig. 2). The entire line was
observed each August or September from 2002 to 2006.
Elevation differences between marks on both lines, with
average spacing of 560 m (1460 m maximum), were
measured by differential leveling using a Leica NA3003
digital level and calibrated barcode rods. Field procedures
conformed in most respects to standards for first-order,
class II leveling surveys established by the National
Geodetic Survey (Federal Geodetic Control Committee
1984). A level collimation procedure was followed each
survey day. Corrections for rod scale, temperature, and
refraction were applied to field observations. Differential
astronomic and orthometric corrections were not applied
because they are negligible for lines this short (Balazs and
Young 1982). See Dzurisin et al. (2005) for additional details.

Results from annual leveling surveys are consistent with
a decaying deformation rate as shown by GPS observations,
although the signal-to-noise ratio is considerably lower in
the leveling data. Figure 7 shows year-to-year elevation
changes along both lines from August 2002 to August

2006. We used the best-fit model described below (“Source
Modeling Results”) to calculate the absolute vertical
displacement of V at epochs corresponding to the leveling
surveys, and combined those results with the relative
elevation changes measured by leveling to compute the
absolute elevation change at each mark. From Fig. 7 we see
that the greatest uplift occurred near the lines’ intersection
at P, which moved up 23.6 ± 3.5 mm, 18.6 ± 3.5 mm, 8.7 ±
3.5 mm, and 10.5 ± 3.5 mm during 2002–2003, 2003–
2004, 2004–2005 and 2005–2006, respectively. The stated
uncertainty is our best estimate of the combined effects of
random leveling error, benchmark instability (random walk
noise), and model uncertainty. For first-order leveling
surveys, the first two error sources are approximated by:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:0mm � km�1=2 �

ffiffiffiffiffiffiffi
ΔL

p� �2
þ 0:5mm � yr�1=2 �

ffiffiffiffiffiffi
Δt

p� �2
r

ð2Þ
where ∆L is stadia distance along the level line and ∆t is
time between surveys (Vanicek et al. 1980; Wyatt 1989).
The coefficient of the second term (0.5mm·yr−1/2 in this
case) depends on the quality of the bench mark. For
geodetic marks set in bedrock or on deeply anchored rods,
it is generally in the range 0.2–1.0mm·yr−1/2 (Wyatt 1989).
All of the marks used for leveling at Three Sisters are
stainless steel pins 10 cm long and 1.3 cm in diameter, set
with epoxy in holes drilled into bedrock or large buried
boulders. Our choice of 0.5mm·yr−1/2 is thought to be
appropriate for this type of mark, and is consistent with the
noise model derived below (“Source Modeling Results”).
Using ΔL=3.7 km (stadia distance from V to P) and Δt=
1 yr in Eq. 2 gives σ =2.0 mm. Based on the average misfit
between our best-fit model, leveling observations, and
CGPS-derived elevations at HUSB and PMAR, we esti-
mated the uncertainty arising from our use of the model to
calculate the elevation at P as a function of time to be
2 mm, or 2 � ffiffiffi

2
p

mm=2.8 mm for the change in elevation at
P between any two leveling surveys. So our estimate of the
total uncertainty in absolute elevation changes at P
measured by sequential annual leveling surveys isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2:0mmð Þ2þ 2 � ffiffiffiffiffiffiffiffiffiffi
2mm

p� �2q
= 3.4 mm.

Note from Fig. 7 that any difference in uplift rate
between 2004–2005 and 2005–2006 is poorly determined
by the leveling data. On the other hand, the uplift rate was
clearly greatest in 2002–2003, slowed somewhat during
2003–2004, and slowed considerably thereafter. This trend
is generally consistent with the exponentially decreasing
rate of motion seen at HUSB (Fig. 5). There is a suggestion
in Fig. 7 that the location of maximum uplift shifted slightly
northward and westward (i.e., toward V and 9) during
2004–2006 relative to 2002–2004, but the difference is
small compared to uncertainty in the leveling observations
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Table 4 Amplitude of exponential term in Eq. 1 (North, East, and Up components) estimated from campaign GPS and leveling data. Annual GPS
surveys comprising at least two consecutive days of observations were made at most stations, with a few exceptions

Station Latitude
(°N)

Longitude
(°E)

Elevation
(m)

North Amplitude
and Standard
deviation,
σN (mm)

East Amplitude
and Standard
deviation
σE (mm)

Vertical Amplitude
and Standard
deviation
σUP (mm)

Date of
Initial
Measurement

BKMW 44.1010 −121.8920 1696 13.3±9.1 −78.7±9.1 101.4±18.0 2001.7 (August 2001)

BRNT 44.0410 −121.8740 1908 −71.4±8.9 −25.1±8.9 43.9±16.3 2001.7 (August 2001)

CUPO 44.1910 −122.0240 969 11.8±9.3 −18.2±9.3 −20.8±19.3 1999.7 (August 1999)

HUSB 44.1200 −121.8490 2039 55.6±4.0 −25.3±4.0 121.0±3.6 2001.4 (May 2001)

JACR 44.0850 −121.8270 1791 −31.9±8.9 27.0±8.9 111.5±18.0 2001.7 (August 2001)

KOKO 44.0463 −121.7945 1838 −49.2±9.5 33.7±9.7 25.1±20.3 2001.7 (August 2001)

LALA 44.1890 −121.8870 1372 28.2±9.4 −12.9±10.2 [−113.2±23.2] 2001.6 (July 2001)

MOSQ 44.0646 −121.0236 1014 −3.5±9.2 −17.6±10.2 −18.3±23.0 2001.6 (July 2001)

PMAR 43.9910 −121.6870 2349 −18.7±5.1 21.7±5.1 −16.7±8.7 2002.4 (May 2002)

SINK 44.0230 −121.7760 1647 −32.1±10.5 31.4±9.8 −14.7±22.8 2001.6 (July 2001)

SS01 44.0490 −121.7710 2045 −39.3±9.2 45.5±9.2 24.3±18.3 2001.7 (August 2001)

SS03 44.1210 −121.8090 2039 30.8±9.2 41.3±9.2 111.5±18.3 2001.7 (August 2001)

SS15 44.0880 −121.8030 2184 −11.8±9.3 58.1±9.1 78.6±19.5 2001.7 (August 2001)

SS16 44.0730 −121.7770 2107 −25.7±11.0 60.7±11.0 31.3±21.9 2001.7 (August 2001)

TS10 44.0590 −121.8170 1928 −57.1±14.0 57.9±14.0 100.9±29.3 2003.7 (August 2003)

TS11 44.0642 −121.7831 1933 −16.4±14.0 31.0±14.0 57.8±29.1 2003.7 (August 2003)

TS12 44.0445 −121.8286 1818 −92.2±19.8 25.4±19.8 61.9±46.1 2004.6 (July 2004)

TS14 44.0400 −121.8100 1828 −28.5±14.0 36.2±14.0 −23.8±28.8 2003.7 (August 2003)

TS15 44.1060 −121.8140 1901 1.6±14.0 67.7±14.0 92.1±31.3 2003.7 (August 2003)

TS16 44.0940 −121.8150 1895 −12.0±14.0 67.2±14.1 144.5±37.5 2003.7 (August 2003)

TS17 44.1060 −121.8400 1721 38.3±14.4 19.5±14.4 177.8±31.1 2003.7 (August 2003)

TS18 44.1030 −121.8310 1806 −17.8±14.9 15.3±14.7 111.3±33.1 2003.7 (August 2003)

TS19 44.0940 −121.8400 1733 −26.0±16.8 10.2±13.1 94.4±44.4 2003.7 (August 2003)

TS20 44.1120 −121.8750 1775 40.4±19.1 −79.8±19.3 53.9±34.3 2003.7 (August 2003)

TS21 44.1080 −121.8540 1798 45.6±14.3 −24.9±14.3 158.2±30.4 2003.7 (August 2003)

TS22 44.1000 −121.8680 1713 −23.0±13.8 −67.7±14.0 130.0±27.4 2003.7 (August 2003)

TS23 44.1020 −121.8600 1719 49.6±14.4 −48.9±14.4 189.4±45.1 2003.7 (August 2003)

TSXJ 44.0790 −121.8170 1721 −33.2±11.4 35.4±11.2 87.2±23.3 2003.7 (August 2002)

TSXO 44.0930 −121.8310 1769 −7.0±10.8 24.6±10.9 103.9±25.1 2003.7 (August 2002)

TSXV 44.1220 −121.8350 1845 44.9±11.1 4.4±11.1 65.9±22.5 2003.7 (August 2002)

WIFE 44.0610 −121.8220 2020 −57.2±9.3 27.5±9.3 53.0±20.8 2001.7 (August 2001)

Exponential amplitudes for selected level sections

V – U 44.12150 −121.83520 1845 − – −6.6±2.8 2002.7 (August 2002)

U – T 44.11809 −121.83330 1844 – – −7.2±3.4 2002.7 (August 2002)

T – S 44.11120 −121.83020 1822 – – −8.0±3.1 2002.7 (August 2002)

S – R 44.10638 −121.82920 1811 – – −9.1±2.8 2002.7 (August 2002)

R – Q 44.10326 −121.83090 1805 – – −2.9±2.7 2002.7 (August 2002)

Q – P 44.09990 −121.83050 1772 – – −1.1±2.9 2002.7 (August 2002)

P – O 44.09584 −121.83210 1775 – – 0.0±2.8 2002.7 (August 2002)

O – N 44.09298 −121.83060 1766 – – 5.4±2.8 2002.7 (August 2002)

N – M 44.09031 −121.82810 1789 – – 7.8±3.1 2002.7 (August 2002)

M – L 44.08680 −121.82180 1815 – – 1.8±3.0 2002.7 (August 2002)

L – K 44.08346 −121.82250 1773 – – 10.9±2.9 2002.7 (August 2002)

K – J 44.08083 −121.81880 1727 – – 4.5±2.7 2002.7 (August 2002)

J – I 44.07879 −121.81690 1719 – – 4.3±2.8 2002.7 (August 2002)
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and such a shift is not indicated by the other datasets. When
the leveling data are plotted as yearly cumulative changes
since 2002 (Fig. 8), the uplift trend is more apparent.
Progressive uplift is more obvious in this format because
the deformation signal is coherent and grows, while the
errors are mostly random and cancel. Cumulative uplift at P
since 2002 was 23.6. mm ± 3.4 mm, 42.2 mm ± 3.5 mm,
50.9 mm ± 3.5 mm, and 61.3 ± 3.5 mm in 2003, 2004,
2005, and 2006, respectively. Uncertainties were estimated
as above, using Eq. 2 with Δt=1, 2, 3, and 4 yr for 2002–
2003, 2002–2004, 2002–2005, and 2002–2006, respective-
ly, and the uncertainty associated with the model = 2 � ffiffiffi

2
p

mm. The shapes of the two elevation-change profiles are
best seen in Fig. 9, which shows cumulative elevation
changes for 2002–2006, the interval with the highest signal-
to-noise ratio, at an expanded vertical scale. Greatest uplift
occurred between marks S and N on the north-south line and
between 6 and P on the west-east line. This indicates that
the deformation center is located less than 1 km northwest
of the James Creek shelter and ~6 km west of the summit of
South Sister, which is consistent with the InSAR and GPS
results, and with the best-fit model discussed below.

When the leveling observations are extended to the south
end of the N–S line at A, a similar pattern emerges.
Figure 10 shows the 2005–2006 elevation-change profiles for
both lines in their entirety (recall that segment I–A of the
north-south line was measured only in 2005 and 2006). The
greatest uplift occurred at marks 5 and P, 1.4 km west and
0.3 km north of the shelter, respectively. Uplift at A, the
farthest mark ~7 km south-southeast of the deformation
center, was 0.5 ± 4.6 mm. The uncertainty at A for 2005–
2006 was estimated as above, using Eq. 2 with ΔL=13.6 km
(V–A stadia distance), Δt=1 yr, and the model uncertainty =
2 � ffiffiffi

2
p

mm. We conclude that the vertical deformation field is
mostly inboard of A; elsewhere, the level lines do not extend
far enough to estimate the boundary of the deformation field.
Interferograms that collectively span 1992–2001 show it to be
10–20 km across (Wicks et al. 2002; Dzurisin et al. 2005),
which is consistent with the 2005–2006 leveling results.

To facilitate modeling of the leveling data together with
the GPS data, we estimated a best-fit exponential coeffi-
cient in Eq. 1 for elevation change in each level section,
fixing the decay time to b=1/5.3 year−1 and ignoring
seasonal perturbations. As with the GPS data, we assumed

Table 4 (continued)

Station Latitude
(°N)

Longitude
(°E)

Elevation
(m)

North Amplitude
and Standard
deviation,
σN (mm)

East Amplitude
and Standard
deviation
σE (mm)

Vertical Amplitude
and Standard
deviation
σUP (mm)

Date of
Initial
Measurement

I – H 44.07607 −121.81810 1728 – – – 2005.7 (August 2005)

H – G 44.07477 −121.81930 1776 – – – 2005.7 (August 2005)

G – F 44.07258 −121.81520 1829 – – – 2005.7 (August 2005)

F – E 44.06485 −121.81100 1827 – – – 2005.7 (August 2005)

E – D 44.05929 −121.80850 1856 – – – 2005.7 (August 2005)

D – C 44.04828 −121.81030 1869 – – – 2005.7 (August 2005)

C – B 44.04360 −121.81210 1843 – – – 2005.7 (August 2005)

B – A 44.04073 −121.81770 1825 – – – 2005.7 (August 2005)

A 44.03955 −121.81810 1820

9 – 8 44.08688 −121.86340 1555 – – −5.4±2.7 2002.7 (August 2002)

8 – 7 44.08713 −121.85920 1585 – – −3.6±2.7 2002.7 (August 2002)

7 – 6 44.08766 −121.85550 1603 – – −4.3±2.9 2002.7 (August 2002)

6 – 5 44.08943 -121.84960 1622 – – −4.9±3.0 2002.7 (August 2002)

5 – 4 44.09196 −121.84340 1660 – – −2.2±2.8 2002.7 (August 2002)

4 – 3 44.09383 −121.83980 1724 – – 0.9±2.6 2002.7 (August 2002)

3 – 2 44.09332 −121.83690 1724 – – 0.3±2.7 2002.7 (August 2002)

2 – 1 44.09467 −121.83350 1749 – – −0.1±2.4 2002.7 (August 2002)

1 – P 44.09530 −121.83220 1761 – – 0.4±2.4 2002.7 (August 2002)

P 44.09584 −121.83210 1775

There was no network survey in 2007, but LALA and BRNT were occupied for several days. A single outlier at LALA [brackets, column 7] was
not used in the source parameter inversion. For leveling sections in the second part of the table, the latitude, longitude, and elevation in each row
correspond to the first mark in the section (column 1). Amplitude of exponential term is relative to 2001.4 (May 2001). Block rotation and
regional strain were removed from horizontal components of GPS displacements using a tectonic model. No corrections were applied to vertical
displacements. Uncertainties are 1 standard deviation. See text for details, and Figs. 2 and 4 for station locations.
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no background vertical displacements. The noise model
used to weight a measured section elevation change is that
given by Eq. 2. The exponential coefficients from the MLE
regression are given in Table 4.

Source modeling results

We used the exponential coefficients of the GPS displace-
ment components and leveling section elevation changes
(Table 4) to estimate the location and cavity volume change
of a buried pressure source. We made no attempt to

characterize time-dependent range change in the interfero-
grams, for two reasons. First, the number of interferograms
is small and the intervals they span are discontinuous,
which makes multiple-interferogram time series analysis
difficult (Berardino et al. 2002). Second, the poorly known
structure of temporally and spatially correlated noise in
interferograms makes it difficult to properly weight InSAR
data relative to other types of data for simultaneous
inversions (Jónsson et al. 2002; Simons et al. 2002;
Lohman and Simons 2005) (see “Methods”, item 4). Using
the GPS and leveling data, we investigated a range of
spheroidal cavity geometries and found that spherical and
prolate (i.e., vertically elongate) point pressure sources fit
the data better than sill-like cavities (Table 5). This is
contrary to results reported by Dzurisin et al. (2005), who
concluded that a sill-like cavity provided the best fit to their
combined InSAR, GPS, and leveling data. However, we are
convinced by our more recent analysis that a spherical or
prolate source is a better choice, for reasons given below.

Dzurisin et al. (2005) assumed the deformation rate at
Three Sisters was constant from the start of episode in
1996–1998 through 2003. Their InSAR results were for
1996–2001, GPS results for 2001–2003, and leveling
results for 2002–2003. Sill-like magma chambers produce
deformation that is dominated by vertical changes. The
combined InSAR, GPS, and leveling dataset analyzed by
Dzurisin et al. (2005) included large vertical changes from
InSAR early in the deformation episode and relatively
small horizontal changes from GPS later in the episode
(post-2001). This is because, as we now know from longer
time-series data, the deformation rate declined exponential-
ly with time. In hindsight, by assuming that the deformation
rate was constant and by combining early InSAR data (high
vertical rate) and later GPS data (lower horizontal rate),
Dzurisin et al. (2005) introduced a bias toward a sill-like
source to their models. Also, Dzurisin et al. (2005) lacked
an adequate model for spatially- and temporally-correlated
errors in the InSAR data, which as a result might have been
over-weighted relative to other datasets for modeling. The
approach taken in this paper is to use the post-May 2001
campaignGPS, CGPS, and leveling data to determine the best-
fitting sourcemodel geometry, and calculate the corresponding
volume change that best fits the early InSAR observations.
Then the early InSAR results were combined with the GPS
and leveling results to estimate the start of the deformation
episode and to infer the total source volume change.
Developing a strategy for simultaneously inverting time-
dependent deformation data of all three types in a mathemat-
ically rigorous way is an important objective for future work.

The spherical point pressure source (Mogi 1958), with 4
degrees of freedom (longitude, latitude, and depth to
specify the source location, and ΔP, source pressure
change), was the simplest model used to fit the data

Fig. 6 Post-May 2001 campaign GPS and CGPS horizontal (A) and
vertical (B) station displacements (blue vectors) predicted by the
exponential fit to station displacement time series (see Table 4).
Background tectonic deformation was modeled and removed before
calculating exponential coefficients. Error ellipses (A) and shaded blue
bars (B) represent 95% confidence limits for the tip of the vectors.
Red arrows represent deformation predicted by the best-fitting vertical
prolate spheroid source model (see Table 5)
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(Table 5). Assuming Poison’s ratio is 0.25, a pressure
incrementΔP on the inner surface of a spherical cavity with
radius α (area=4πα2) will increase the cavity radius by Δα,
where Δa ¼ 1

4
ΔP
G a (McTigue 1987). The corresponding

cavity volume change isΔV ffi Δa4pa2, where G is rigidity
of the host rock (we assumed a value of 30 GPa) and α is the
radius of the cavity (assumed to be 1 km).

A spherical source fits the ground-based geodetic data
reasonably well, i.e., with a reduced chi-square,

#2n ¼ #2
�
N � pð Þ, of 1.26, where N=145 is the number of

data and p=4 is the model degrees of freedom. A variation
of this model, which adds 3 degrees of freedom to allow for
unmodeled translation of the network, improves the
goodness-of-fit #2 ¼ 159; #2n ¼ 1:13. The network transla-
tion components (ΔEast, ΔNorth, ΔUp) allow for possible
residual horizontal movement of the GPS network as a
whole that is not accounted for by the tectonic model, for
possible systematic vertical bias in the GPS data, and for

Fig. 7 Year-to-year elevation changes, August 2002–August 2006, at
marks V–I and 9–1 from leveling surveys along N–S (red) and W–E
(blue) level lines, respectively. Absolute elevation change at V
computed from best-fit model. Level lines intersect at P; stadia
distance for W–E line adjusted to match value at P with N–S line.
Error bars, one standard deviation from random leveling error,
random-walk mark noise with Δt=1 yr, and model uncertainty. See

text for details. The signal-to-noise ratio for year-to-year elevation
changes is small, so the location of maximum uplift is poorly
constrained in this plot. The situation is better when the larger
cumulative or net elevation changes for August 2002–August 2006 are
plotted (Figs. 8 and 9, respectively). In those cases, the greatest uplift
consistently occurs near marks P and 5 along the N–S and W–E lines,
respectively
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regional background uplift or subsidence. The network
translation components are determined as free parameters in
a least-squares adjustment, and the calculated components
represent a network-wide correction to the observed GPS
station exponential coefficients. The best-fit source depth is
5.8 km without network translation or 6.2 km with
translation, where depth is relative to the mean station
elevation of 1780 m.

The smaller χ2in the model that includes a network
translation is expected, because we are fitting the same data
and with a more complex but similar type of model. To

determine whether the improvement is statistically signifi-
cant, we used the experimental F test (e.g., Gordon et al.
1987),

Fcalc ¼
#2p1 � #2p2

� �.
p2 � p1ð Þ

#2p2

.
N � P2ð Þ

ð3Þ

where #2p2 is the misfit and p2 is the number of free model
parameters for the more complex model. If Fcalc is greater
than the upper-tailed critical value of the Fisher-Snedecor
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distribution Fp2�p1;N�p2;a, where α represents the desired
rejection probability (i.e., 0.05 for 95% confidence), then
the smaller #2p2 obtained with the more complex model
exceeds at a 1-α confidence limit the value that might arise
from random variation in the data alone. In this case
Fcalc ¼ 5:5 > F3;138;0:05 ¼ 2:7, and the more complex mod-
el provides a better fit to the data with >95% confidence
(Table 6). The calculated values of ΔEast and ΔNorth
(1.4±1.6 mm and 2.3±1.6 mm, respectively) are small and
not statistically significant, but ΔUp=−14.7±3.2 mm is
relatively large. Although a spherical source with a
primarily vertical network translation fits the data signifi-
cantly better than a simple source, we are skeptical of the
more complex model because the estimated vertical
correction is near the limit of a geodetically or geologically
plausible value. Note that the fit to the leveled section
exponential coefficients, derived from the measured eleva-
tion changes between adjacent marks in the network, is not
affected by the estimated vertical network translation.

A vertical prolate spheroid (Yang et al. 1988; Fialko
and Simons 2000; Fialko et al. 2001) adds a variable
aspect ratio to the source parameters, and our best-fit
model of this type is both shallower (4.9 km) and stretched
vertically (the aspect ratio of the horizontal to vertical
semi-axis lengths=0.86) relative to the spherical source.
The F test, Fcalc ¼ 12:9 > F1;140;0:05 ¼ 3:9, indicates that
the vertical prolate model fits better than the spherical
model with >95% confidence. The more complex spherical
source with a 3D translation fails to significantly improve the
data fit (Fcalc ¼ 1:5 < F2;139;0:05 ¼ 3:1) relative to the
vertical prolate source. A prolate source will produce
relatively more horizontal and less vertical deformation than
a spherical source of the same power and depth. The addition
of a 3-parameter network translation significantly improves
the fit relative to the vertical prolate source (Fcalc ¼ 3:0 >

F3;137;0:05 ¼ 2:7), but this improvement again results mostly
from a vertical network offset (ΔUp=−10.4±3.1 mm) that
seems implausible.

Adding a variable dip and direction to the prolate spheroid
source fails to significantly improve the fit relative to the
simpler vertical prolate source (Fcalc ¼ 1:7 > F2;138;0:05 ¼
3:1). Nor does the corresponding dipping prolate spheroid
with 3D translation significantly improve the fit relative to
the simpler vertical prolate source with 3D translation
(Fcalc ¼ 2:4 > F2;135;0:05 ¼ 3:1).

Sill models, whether horizontal or dipping (Okada 1985;
Feigl and Dupré 1999), fit the data decidedly less well than
any of the models discussed here (χ2=277 for the best-
fitting dipping sill with no translation). For brevity, sill
models are omitted from Table 2 and from further
discussion.

We conclude that the best choice among simple elastic
half space models that do not include a network translationT

ab
le

5
E
la
st
ic

ha
lf
-s
pa
ce

de
fo
rm

at
io
n
so
ur
ce

m
od

el
s.
S
ee

te
xt

fo
r
di
sc
us
si
on

S
ou

rc
e
D
es
cr
ip
tio

n
L
on

gi
tu
de

(d
eg
re
e)

L
at
itu

de
(d
eg
re
e)

D
ep
th

(k
m
)

∆R
ad
iu
s

(m
)

∆E
as
t

(m
m
)

∆N
or
th

(m
m
)

∆U
p

(m
m
)

A
sp
ec
t

R
at
io

L
on

g
A
xi
s
P
lu
ng

e
an
d
T
re
nd

(d
eg
re
e)

D
eg
re
es

of
F
re
ed
om

χ
2

∆V
ol
um

e
(1
06

m
3
)

S
ph

er
ic
al

P
oi
nt

P
re
ss
ur
e

(M
og

i
19

58
)

−1
21

.8
41

94
4

44
.0
96

94
4

5.
8

1.
76

1
±0

.0
40

4
17

8
22

.2

S
ph

er
ic
al

P
oi
nt

P
re
ss
ur
e+

3-
D

T
ra
ns
la
tio

n
−1

21
.8
41

94
4

44
.0
96

66
7

6.
2

2.
14

7±
0.
05

6
1.
4
±1

.6
2.
3±

1.
6

−1
4.
7±

3.
2

7
15

9
27

.0

V
er
tic
al

P
ro
la
te

S
ph

er
oi
d

−1
21

.8
38

88
9

44
.0
98

05
6

4.
9

2.
04

7±
0.
04

4
0.
86

90
(f
ix
ed
)N

/A
5

16
3

22
.7

V
er
tic
al

P
ro
la
te

S
ph

er
oi
d
+
3D

T
ra
ns
la
tio

n
−1

21
.8
42

22
2

44
.0
97

50
0

5.
4

2.
35

6±
0.
06

1
1.
6
±1

.5
1.
6±

1.
5

−1
0.
4±

3.
1

0.
90

90
(f
ix
ed
)
N
/A

8
15

3
26

.2

D
ip
pi
ng

P
ro
la
te

S
ph

er
oi
d

−1
21

.8
40

83
3

44
.0
98

05
6

4.
9

2.
07

4±
0.
04

8
0.
85

87
.2

92
.1

7
15

9
23

.0

D
ip
pi
ng

P
ro
la
te

S
ph

er
oi
d
+
3D

T
ra
ns
la
tio

n
−1

21
.8
40

83
3

44
.0
97

22
2

5.
1

±0
.0
58

−0
.4
±1

.5
2.
3
±1

.5
−8

.5
±3

.0
0.
86

84
.2

10
2.
6

10
14

8
25

.4

Bull Volcanol (2009) 71:1091–1110 1103



is a 4.9 km deep vertical prolate spheroid source with an
aspect ratio of 0.86 (Fig. 6). If we allow for a network
translation, the best choice is a 5.4 km deep vertical prolate
spheroid source with an aspect ratio of 0.90 and network
offsets of ΔEast=1.6±1.5 mm , ΔNorth=1.6±1.5 mm, and
ΔUp=−10.4±3.1 mm. As is the case for all inverse
problems of this type, the solution is non-unique if one
allows for multiple sources or complicated source shapes.
For example, the data could be fit arbitrarily well by a large
number of shallow point sources of differing strengths. This
approach could be used to simulate a shallow hydrothermal
system if one were so inclined, but in our opinion such a
model is not justified by the available data.

The best-fit model geometry derived from GPS and
leveling data was used to estimate the source-volume
change needed to reproduce the observed August 1995–
August 2001 InSAR range changes, which were derived
from a stack of two ERS-2 interferograms (see Fig. 1 of
Dzurisin et al. 2005). Following Dzurisin et al. (2005), we
sub-sampled the InSAR data using the quad-tree method
(Simons et al. 2002; Jónsson et al. 2002). Next, we fit the
vertical prolate spheroid source defined by the GPS and
leveling data to the reduced InSAR dataset to compute a
corresponding source-volume change of 23.4 x 106 m3. The

model predictions are compared to leveling results for
August 2002–August 2006 in Fig. 9 and to InSAR results
for August 1995–August 2001 in Fig. 11.

Assuming that the decay rate (b=1/5.3 year−1) deduced
from the CGPS data has remained constant throughout the
episode, we estimated a start time t0 that is consistent with
both the early deformation measured with InSAR and the
later deformation measured with GPS and leveling. Previ-
ously, Wicks et al. (2002), using interferograms covering
different time intervals—some starting as early as 1992—
concluded that the deformation episode started between
August 1996 and September 1998. The total projected
source volume change is equal to the sum of the August
1995–August 2001 InSAR and May 2001–August 2006
GPS + leveling modeled values, with a small correction for
the 4 month overlap between the August 2001 interfero-
gram end time and the May 2001 GPS + leveling start time.
The fraction of total source-volume change during an
interval is 1� e�

1
5:3 ti�t0ð Þ, where t0 is the start of the interval

and ti the end of the interval in years. Assuming no change
in source geometry, the vertical prolate source-volume
changes are 23.4 x 106 m3 (InSAR) and 22.7 x 106 m3

(GPS + leveling, limit as ti → ∞), and the correction for the
4 month overlap is −1.25 x 106 m3. The fractional source-

Table 6 Comparison of χ2 values and of calculated and critical F-test values for model types discussed in the text. To check if a source in a given
row provides a better fit to the data with 95% confidence than a source in a given column, compare the calculated and critical F-test values
corresponding to that row and column. If Fcalculated>Fcritical, the source in that row provides a better fit than the source in that column. In such
cases, Fcalculated is shown in square brackets. For example, all source types (rows 2–6) provide a better fit than the spherical point pressure source
(column 4). Similarly, the dipping prolate spheroid fails to provide a better fit than the vertical prolate spheroid (row 3, column 5), but the vertical
prolate spheroid with 3-D translation does provide a better fit than the vertical prolate spheroid (row 5, column 5). See text for discussion

Source Description Degrees
of Freedom

χ2 Spherical Point
Pressure
(Mogi 1958)

Vertical
Prolate
Spheroid

Dipping
Prolate
Spheroid

Spherical Point
Pressure with
3-D Translation

Vertical Prolate
Spheroid with
3-D Translation

Spherical Point Pressure
(Mogi 1958)

4 178.0

Vertical Prolate Spheroid 5 162.6

Fcalculated [12.9]

Fcritical 3.9

Dipping Prolate Spheroid 7 159.1

Fcalculated [5.5] 1.7

Fcritical 2.7 3.1

Mogi with 3-D Translation 7 158.7

Fcalculated [5.5] 1.7

Fcritical 2.7 3.1 N/A

Vertical Prolate Spheroid with
3-D Translation

8 153.0

Fcalculated [5.6] [3.0] [5.4] [5.2]

Fcritical 2.4 2.7 3.9 3.9

Dipping Prolate Spheroid with
3-D Translation

10 147.9

Fcalculated [4.6] [2.7] [3.3] [3.3] 2.3

Fcritical 2.2 2.3 2.7 2.7 3.1

Table 6 Comparison of χ2 values and of calculated and critical F-test
values for model types discussed in the text. To check if a source in a
given row provides a better fit to the data with 95% confidence than a
source in a given column, compare the calculated and critical F-test
values corresponding to that row and column. If Fcalculated>Fcritical, the
source in that row provides a better fit than the source in that column. In

such cases, Fcalculated is shown in square brackets. For example, all source
types (rows 2–6) provide a better fit than the spherical point pressure
source (column 4). Similarly, the dipping prolate spheroid fails to provide
a better fit than the vertical prolate spheroid (row 3, column 5), but the
vertical prolate spheroid with 3-D translation does provide a better fit than
the vertical prolate spheroid (row 5, column 5). See text for discussion
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volume change observed with the early InSAR is consistent
with t0=1997.8 (September 1997) as the start time of the
deformation episode. In other words, the same source
model that fits the GPS data for May 2001–August 2006
also fits the InSAR observations for August 1995–August
2001, assuming: (1) the inflation episode began suddenly in
September 1997, and (2) the inflation rate decayed with a
1/e decay time of 5.3 ± 1.1 years. Agreement between the
best-fit model and InSAR observations for August 1995–
August 2001 is good along a west-east profile through the
deformation center and acceptable along a north-south
profile, where the model under-predicts the observations
by less than 1 fringe (28.3 mm for ERS-2) (Fig. 11 bottom
and top, respectively).

The best-fit model was used to predict vertical displace-
ments from August 2002 to August 2006 at each of the
leveling benchmarks, and those predictions were plotted
together with the observed displacements for the same time

period (Fig. 9). Agreement is good along the southern half
of the north-south traverse (P–I) and entire west-east
traverse (9–1), i.e., the model-predicted displacement
profiles (solid lines) fit all of the observations (circles with
error bars) within one standard deviation in the observa-
tions. Agreement between the model and observations is
somewhat less good along the northern half of the north-
south traverse (V–P), where the model overestimates the
observed displacements by as much as 4 mm. Even so, the
discrepancy is less than the uncertainty in the leveling
observations at two standard deviations.

Total source-volume change from the calculated onset of
inflation in September 1997 to the time of the August 2006
surveys, using a 1/e decay time of 5.3 years, is 36.5 x 106

m3 for the best-fit vertical prolate spheroid model, or 41.9 x
106 m3 for the best-fit vertical prolate spheroid model with
network translation. The corresponding values at t=∞, i.e.,
the projected volume changes for the entire episode, are
44.9 x 106 m3 and 51.6 x 106 m3, respectively. We estimate
the uncertainty in these model volume changes to be 10–
20% of the value in each case.

Discussion

The episode of surface inflation at Three Sisters that began
in 1997 and was continuing at a declining rate in 2006 is
suggestive of magmatic intrusion at a depth of about 5 km
beneath the surface. Exponential decay in the inflation rate
is consistent with: (1) a hydraulic model in which the magma
flow rate from a source in the lower crust to the modeled
source at ~5 km depth is proportional to the pressure
difference between the two sources; or (2) sudden pressuriza-
tion and subsequent time-dependent response of a viscoelastic
shell (Maxwell fluid) surrounding the modeled source (e.g.,
high-temperature host rock surrounding a magmatic intru-
sion). In the hydraulic model, assuming the system is closed
and elastic, magma flow from the deep source to the shallow
one reduces the pressure difference in such a way that the flow
rate decreases exponentially with time (Dvorak and Okamura
1987; Lu et al. 2003; Mastin et al. 2008). For the viscoelastic
case, the stress induced by a sudden pressurization pulse
(e.g., magmatic intrusion) causes both an instantaneous,
recoverable strain and a time-dependent, permanent strain. In
the latter case, the strain rate decays exponentially with a
characteristic Maxwell time constant that is approximated by
the ratio of the fluid strength, or viscosity, to the rigidity, or
shear modulus, of the shell (Dragoni and Magnanensi 1989;
Newman et al. 2001, 2006).

Another possibility is that deformation at Three Sisters is
caused by injection of magmatic volatiles from a crustal
magma body into an overlying hydrothermal system.
Hutnak et al. (2007, 2009) ran numerical simulations of
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Fig. 11 Profiles of observed and modeled unwrapped, stacked InSAR
range changes from August 1995 to August 2001 from Dzurisin et al.
(2005). InSAR data were sub-sampled using the quad-tree method
(Simons et al. 2002; Jónsson et al. 2002) and are shown in blue.
Model predictions are shown in red. Top, InSAR data projected onto a
north-south profile with the origin located directly above the source.
Bottom, InSAR data projected onto a west-east profile. Best-fit model
geometry is from the fit to GPS and leveling data. Source cavity
volume change is that projected for a 1/e decay time of 5.3 years and a
start time of September 1997. The model under-predicts the
observations by less than 1 fringe (28.3 mm for ERS-2), mainly
along the north-south profile. See text for discussion
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fluid flow and rock deformation in an elastic porous
medium that that included multi-phase (liquid-gas) and
multi-component (H2O-CO2) effects. They showed that, in
simulations where a gas phase develops, ascent and
expansion of a hot, buoyant plume can have a significant
effect on the rate, magnitude, and geometry of ground
surface displacements. For a plausible range of hydrologic
parameters and injection rates, water and gas injection
produced simulated ground surface displacement rates in
the range of one to tens of mm/yr, which encompasses the
rates observed at Three Sisters.

With available data, we cannot distinguish between
hydraulic, viscoelastic, or poroelastic fluid-flow models
for the Three Sisters uplift. This might be possible with
repeated microgravity observations, which in theory could
track the time history of subsurface mass change and thus
distinguish among (1) ongoing intrusion at a declining rate
(hydraulic model), (2) ongoing host-rock response to an
intrusion that has ceased (viscoelastic model), and (3)
ascent of a buoyant plume of water and gas, with attendant
dilation of host rock owing to heating and gas-phase
expansion (fluid-flow model). This assumes that the shape
of the deformation source can be adequately constrained,
and that corrections for surface height change, deformation,
groundwater-level changes, magma compressibility, and
other effects can be made accurately enough to resolve
the remaining mass-change signal (Battaglia and Segall
2004). D.J. Johnson made repeated microgravity measure-
ments along the N–S leveling line at Three Sisters, in
conjunction with our leveling surveys, between 2002 and the
time of his untimely death in October 2005. Comparison of
past and future results from coordinated GPS, leveling, and
gravity surveys could provide an important constraint on the
mechanism(s) of surface deformation, and we recommend
that such surveys be conducted for the foreseeable future.

Sporadic intrusive activity beneath Three Sisters is to be
expected, given the volcanic center’s recent eruptive history
and geochemical evidence for an active hydrothermal
system fueled by magmatic heat (Evans et al. 2004).
Whether the current inflation episode will culminate in
additional seismic activity, such as the swarm of ~300 small
(Mmax=1.9) earthquakes that occurred in the northeast
quadrant of the deforming area on March 23–26, 2004
(Dzurisin et al. 2005), is unknown. We suspect that
intrusive activity in the area is sporadic with an average
recurrence interval of at least several decades. Present
trends indicate that an eruption in the near future is
unlikely, although experience elsewhere shows that such
trends can reverse suddenly. Continued vigilance is advised
for both scientific and hazard-assessment purposes.

Although the deformation rate at Three Sisters has
declined significantly over the past several years, the rate
in 2006 was still high enough to be resolved by campaign

GPS, leveling, and InSAR observations on an annual basis.
Continuous GPS stations are capable of resolving the
deformation signal over shorter periods, but the data are
subject to spurious seasonal effects that limit their utility,
especially during winter. Installation of other types of
continuous deformation sensors, such as borehole tiltmeters
or strainmeters, would likely not be permitted in Three
Sisters Wilderness.

Autumn-to-autumn interferograms from C-band images
are especially useful for defining the shape of the
deformation field, but atmospheric and ionospheric phase
delays typically produce anomalies as large as the current
annual deformation signal (~1 fringe). Interferograms made
from L-band images acquired by the Phased Array type L-
band Synthetic Aperture Radar (PALSAR) aboard the Japan
Aerospace Exploration Agency’s Advanced Land Observ-
ing Satellite (ALOS) will be somewhat less sensitive to
deformation owing to L-band’s longer wavelength (23.5 cm
versus 5.6 cm for C-band). However, for the same reason
coherence should be much better preserved in the forested
western part of the deformation field.

Leveling surveys in a remote area like the Three Sisters
Wilderness pose logistical challenges. In our experience, a
three-person crew camped at the James Creek shelter can
cover ~3 km/day. Observing both lines in their entirely
requires 5 days of surveying, which can take twice that long
in typical autumn weather. The effort has been justified in
this case because, on an annual basis, leveling has better
sensitivity to small elevation changes than GPS or InSAR.
Each technique has advantages and disadvantages, but used
together they adequately characterize salient aspects of the
Three Sisters deformation field. If data from CGPS stations
indicate that the deformation rate is continuing to decline,
the interval between future leveling and GPS surveys could
be extended accordingly.

There are few documented examples of similar activity
at other volcanoes with which to compare the Three Sisters
case. We suspect that such episodes are common along
volcanic arcs, but in the past most have gone unnoticed.
Recent activity at Three Sisters differs in several respects
from well-documented cases of caldera unrest that include
periods of surface uplift (e.g., Yellowstone, Wyoming
(Chang et al. 2007; Lowenstern et al. 2006; Puskas et al.
2007; Vasco et al. 2007); Long Valley, California (Hill et al.
2003); Phlegraean Fields, Italy (Battaglia et al. 2006);
Rabaul, Papua New Guinea (McKee et al. 1995; McKee
1997)). An obvious difference is that Three Sisters is a
diverse volcanic center that includes three large composite
cones and numerous monogenetic basaltic vents, whereas
the four examples cited above are large silicic caldera
systems. In all four caldera cases, historical uplift has been
episodic and interspersed with periods of quiescence or
subsidence, unlike the single, monotonically declining
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uplift episode at Three Sisters. Surface hydrothermal
activity is more muted at Three Sisters than at any of the
calderas, although dilute, low-temperature springs near the
center of uplift at Three Sisters have high 3He/4He ratios
that are indicative of a magmatic source (Ingebritsen et al.
1994). The springs transport ~16 MW of heat and ~180 g/s
of magmatic carbon (as CO2) from an inferred, shallow
hydrothermal system that predates the beginning of uplift
(Evans et al. 2004). Another difference is that the uplift at
Three Sisters is centered ~6 km west of South Sister, the
nearest composite cone, and is not clearly associated with
any recent vent. At each of the four calderas, on the other
hand, uplift has been centrally located and mostly confined
within the caldera rim; an exception is the 1995–2002 uplift
at Yellowstone, which was centered along the north caldera
rim and extended well outside the caldera (Wicks et al.
2006). We are not suggesting that these differences
necessarily indicate different deformation mechanisms. We
merely point out that such differences should be considered
when comparing activity at Three Sisters to caldera unrest.

A better analog for the Three Sisters activity might be
found at one or more volcanoes in the Aleutian arc, where
InSAR studies have revealed numerous cases of ground
deformation at relatively small volcanic centers (Lu et al.
2007). Westdahl shield volcano, for example, re-inflated
following its 1991–1992 effusive eruption at an exponen-
tially declining rate with a 1/e decay constant of ~6 years—
similar to the 5.3 ± 1.1 years time constant for Three Sisters
that we report here. Lu et al. (2000a, 2003) showed that the
Westdahl behavior is consistent with a deep, constant-
pressure magma source connected to a shallow reservoir by
a magma-filled conduit, and proposed that the magma flow
rate through the conduit is governed by the pressure
gradient between the source and the reservoir. This is the
hydraulic model described above; a viscoelastic model
would produce similar behavior. There are some similarities
between the Three Sisters uplift and that which preceded a
small explosive eruption of Makushin stratovolcano in
January 1995. An InSAR study showed that the eruption
was preceded by ~7 cm uplift from October 1993 to
September 1995 (Lu et al. 2002a). The center of uplift was
offset ~5 km from the eruptive vent at Makushin, which is
reminiscent of ~6 km offset between the center of uplift and
the summit of South Sister. A similar ~5 km offset was
observed between the center of deflation associated with
the 1997 eruption of Okmok, a basaltic shield volcano, and
the vent for that eruption (Lu et al. 2000b). Possible
explanations for such offsets are: (1) an inclined conduit
connecting a subsurface magma reservoir to a surface vent,
(2) anisotropic or inelastic crustal properties resulting in an
eccentric surface deformation pattern, and (3) intrusion or
pressurization of a deformation source at a site unrelated to
a nearby vent.

Other Aleutian examples that might be relevant to the
recent activity at Three Sisters are Akutan volcano in 1996
and Mount Peulik in 1996–1998. An intense swarm of
volcano-tectonic earthquakes beneath Akutan Island in
March 1996 was accompanied by as much as 60 cm of
uplift on the western part of the island, where Akutan
volcano is located, and by a comparable amount of
subsidence and extensive ground cracking on the eastern
part—but no eruption. Lu et al. (2000c, 2005) modeled the
surface deformation pattern as intrusion of ~0.2 km3 of
magma into a reservoir ~13 km beneath the volcano, which
triggered the propagation of a magma-filled dike to within
<1 km of the surface, i.e., a failed eruption. Our preferred
model for uplift at Three Sisters is intrusion of a much
smaller volume of magma (~0.04 km3) at shallower depth
(~5 km), which triggered the much smaller earthquake
swarm in March 2004. At Three Sisters, there is no
evidence of dike intrusion associated with the earthquake
swarm; more likely, the seismicity indicated minor stress
adjustment to ongoing inflation.

Another example of aseismic inflation (nearly so, at Three
Sisters) occurred at Mount Peulik between October 1996 and
September 1998. An InSAR study revealed that a presumed
magma body 6.6 ± 0.5 km beneath the southwest flank of
Mount Peulik inflated progressively for at least several
months, resulting in a net volume increase of 0.051 ±
0.005 km3 (Lu et al. 2002b). The inflation was not
accompanied by any unusual seismicity beneath the volcano,
but an intense earthquake swarm, including three magnitude
4.8–5.2 events, occurred from May to October 1998 near
Becharof Lake, ~30 km northwest of Mount Peulik. Any
causal relationship between the seismicity and volcano
inflation is speculative, but the coincidence of the swarm
and inflation episode suggest a volcano-tectonic interaction
of some sort. A similar mechanism at Three Sisters seems
unlikely, given the low background seismicity throughout the
region, but aseismic release of tectonic strain and associated
intrusive activity cannot be ruled out.

When and how the current inflation episode at Three
Sisters will end is unknown. Continued seismic, geochem-
ical, and geodetic monitoring will eventually answer such
questions and hopefully provide additional insight into the
cause(s) of the unrest. In the meantime, there is an
opportunity to improve upon the modeling approach
described here by developing a strategy for including
discontinuous time-series InSAR data, with an appropriate
error model, in simultaneous inversions with other geodetic
datasets.
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Methods

The following material is referenced in the main body of
the text and presented here for readers interested in more
detailed or technical information than would be appropriate
there.

1. By convention, a near-polar orbiting satellite such as
Envisat, with and orbital inclination of 98.5º, travels
from south to north on ascending tracks and from north
to south on descending tracks. The Advanced Synthetic
Aperture Radar (ASAR) aboard Envisat is right-
looking, i.e., east-looking on ascending tracks and
west-looking on descending tracks, with a nominal
swath width of 56–105 km in various imaging modes.
“Far range” refers to the eastern limit of useful
backscatter data for ascending tracks and the western
limit for descending tracks. During SAR processing we
extended the far-range limit for images acquired on
ascending track 435 beyond the usual value, which
results in lower signal-to-noise and weaker coherence,
especially in the eastern third of the interferogram
(Fig. 2). Loss of coherence in the western ~20% of both
interferograms (Figs. 1 and 2) is caused by dense forest
west of the Cascade Range crest.

2. The location of maximum range change for a given
deformation field differs between interferograms pro-
duced from images acquired on ascending and descend-
ing tracks, because interferograms are sensitive to both
horizontal and vertical surface displacements. Relative
contributions depend on the incidence angle of the
SAR. For Envisat, with a relatively steep incidence
angle of 19.2º–26.7º from vertical in imaging mode
IS2, horizontal and vertical displacements contribute in
the ratio ~1:3. In other words, Envisat interferograms
are about three times more sensitive to vertical
displacements than horizontal displacements. Nonethe-
less, horizontal displacements reinforce the effect of
vertical displacements in areas where the surface moves
up and toward the radar (or down and away), and
diminish them where the surface moves up and away
(or down and toward). For an axisymmetric deforma-
tion field such as that produced by a point or spherical
source, this means that the maximum range change is
shifted toward near range from the area of maximum
vertical displacement. For a right-looking SAR, this

corresponds to a westward shift for ascending tracks
and an eastward shift for descending tracks.

3. The vertical displacement Δz at any point on the
surface p=(x, y, z) can be calculated from InSAR
observations under the following conditions: (1) defor-
mation interferograms that include p and span nearly
the same time interval are available from both
ascending and descending satellite passes, and (2) the
surface displacement field is radially symmetric about
point p0=(x0, y0, z0), which is the surface projection of
the center of the deformation source. Both conditions
apply here, so: Δz ¼ v1 cos qþv2 sin qð Þr1� u1 cos qþu2 sin qð Þr2

v1 cos qþv2 sin qð Þu3� u1 cos qþu2 sin qð Þv3,
where the satellite unit look vectors (u1, u2, u3) and (v1,
v2, v3) are in the direction (East, North, Up), θ is the
azimuth at p relative to p0 measured counterclockwise
from east, and r1 and r2 are the range changes at p in
interferograms 1 and 2, respectively. Unit look vectors
for Envisat descending track 385 and ascending track
435 are given in Table 1. For a general discussion of
measuring surface displacements in three dimensions
using InSAR, see Wright et al. (2004).

4. Both the campaign GPS and leveling data are fit well
by the same exponential decay determined from HUSB
CGPS data (Table 4). Including InSAR data in a
simultaneous inversion would have required either
that we select a time period for which both types of
data are available, or that we use the same exponential
curve to calculate predicted InSAR data for input to
the model. Recall that InSAR observations are
available for 1992–1996, 1992–1997, 1995–1998,
1995–1999, 1996–2000, 1997–2000, 2000–2001
(Wicks et al. 2002; Dzurisin et al. 2005), and 2004–
2006 (this paper). We decided that the better approach
was to model the CGPS data, with a continuous time
series of measurements and well documented noise
model, and to compare the best-fit result to the InSAR
observations.
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