
1.  Introduction
Okmok, located in the northeast of the Umnak Island, Alaska, is one of the most activate volcanoes in the 
Aleutian Island Arc. Two major catastrophic pyroclastic eruptions with max Volcanic Explosivity Index 
exceeded 4, that is, Okmok Caldera Forming Eruption (CFE) I and Okmok CFE II dated about 12,000 years 
and 2050 14C years ago, respectively, shaped the major topographic morphology of Okmok (Byers, 1959; 
Larsen et al., 2007). In addition to the current caldera rim, evidence from six arctic ice cores shows the 
Okmok CFE II may also be responsible for one of the coldest decades of recent millennia in the Northern 
Hemisphere (McConnell et al., 2020). Since 1900, multiple effusive eruptions have been documented at 
Okmok producing a new prominent cone, Cone A. From 1943 to 1997, all of Okmok's eruptions have orig-
inated from Cone A (Figure 1; Lu & Dzurisin, 2014). The most recent eruption in 2008, spanned from July 
12 to mid-August, was the most explosive eruption since at least the late nineteenth century, and produced 
a minimum of 0.17 3kmE  of dense rock-equivalent ejecta (Larsen et al., 2015). As opposed to previous erup-
tions, the 2008 eruption emanated from the northwest flank of an existing cinder cone (Cone D), about 5 kmE  
northeast of Cone A. Due to the strong magma interaction with ground and surface water, the 2008 eruption 
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has inflated at a variable rate of 40–195 mm/yr. In this study, we investigate the post-eruptive deformation 
of Okmok (2008–2020) using InSAR and GNSS. L-band ALOS-2, C-band Sentinel-1/Envisat and X-band 
TerraSAR-X data are analyzed with Persistent Scatterer (PS) InSAR method. The deformation time series 
calculated from InSAR and GNSS are assimilated into finite element models using the Ensemble Kalman 
Filter to track the evolution of the magma system through time. The results indicate that the InSAR-
derived deformation history can be well explained by a spatially stable magmatic source located in the 
central caldera, at about 3 km beneath the sea level, which is also believed to be the same source that 
produced the 1997 and 2008 eruptions. Magma accumulation in the reservoir is about 30.08 kmE  from 2008 
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Plain Language Summary  Precise mapping of volcano deformation allows for identification 
and modeling of the source location, shape, and pressure change within a magma reservoir of the volcanic 
system. Hence, monitoring ground surface deformation is a critical part in volcano study and eruption 
forecasting. In this study, we map the deformation history of Okmok volcano since its 2008 eruption 
using InSAR. The produced displacement time series are then used to track the magmatic pressure 
accumulation in the magmatic reservoir with numerical models. Our InSAR measurements show that 
Okmok has been undergoing persistent inflation with time-varying rates since the last eruption in 2008. 
The measured deformation suggests the magmatic source as that accounting for the pre-2008 eruptions. 
The cumulative volume change during 2008–2020 is ∼160% and ∼60% of the total volumes of the 1997 
and the 2008 eruptions, respectively.
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was highly phreatomagmatic (Larsen et al., 2013, 2015). The ejected ash and tephra deposit during the 2008 
eruption covered the entire caldera and part of the northeast flank of the caldera and formed a new tuff 
cone near Cone D (named "Ahmanilix"; Larsen et al., 2015).

Due to the remote location and small population of Umnak Island, most of Okmok's historical eruptions are 
poorly documented. Thanks to the advance in spaceborne geodetic techniques, the 1997 and 2008 eruptions 
were well observed and documented. The magma source and eruption mechanisms have been previously 
studied using ground deformation measurements from InSAR and GPS data. Before the 1997 eruption, infla-
tion with a decreasing rate was observed from 1992 to 1995 and stalled sometime during 1995–1996, during 
which stage slight local subsidence occurred instead (Lu et al., 2000; Mann et al., 2002). The pre-eruption 
inflation was interpreted as the result of accumulation of magma, the local deflation may have been related 
to withdrawal or movement of the magma or hydrothermal depressurization (Mann et al., 2002). Since the 
first post-eruption observation in 1997, persistent inflation at a varying rate was confirmed by both InSAR 
and GPS. Episodic pulses of more rapid inflation signals were observed during 1997–1998 and 2001–2003. 
The deformation rate decreased and the caldera subsided 3–5 cm during 2004–2005, and then elevated a 
similar amount during 2005–2006. Preceding the 2008 eruption, uplift of ∼150 mm/yrE  was recorded during 
2007–2008 (Fournier et al., 2009; Lu et al., 2010). Based on the deformation signal from 1992 to 2008 derived 
from multiple InSAR datasets, Lu et al. (2005, 2010) inferred a tension sphere (Mogi) source embedded ∼
3E  km below sea level (BSL). Fournier et al. (2009) derived a stable Mogi source at ∼2.5 km BSL with both 
campaign and continuous GPS data spanning from 2000 to 2007. Biggs et al. (2010) found a Mogi source at 
a depth of ∼3.4 km using a combined data set consisted of GPS data spanning from 2000 to 2007 and InSAR 
data from 1992 to 2007. Lu et al. (2010) found a Mogi source with a depth evolving from ∼2 km BSL in the 
beginning of the eruption to ∼3 km BSL post-eruptive period using co-eruptive deformation derived from 
InSAR data. Freymueller and Kaufman (2010) interpreted the magma source as a Mogi sphere lying ∼1.9 
BSL and captured the reinflation almost three weeks right after the vigorous ash emissions.

Figure 1.  Location and topography of Okmok volcano. The elevation data is from ArcticDEM. Global Positioning 
System stations used in this study are labeled with blue stars. Cone E, Cone A, Cone D and Ahmanilix are labeled with 
red triangle. Inset at the lower-right corner indicates the location of the Okmok volcano in the Aleutian arc.
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Subsequent to the 2008 eruption, Qu et al.  (2015) analyzed post-eruptive InSAR data from four satellite 
tracks and found a time varying inflating rate of 48–130 mm / yrE  from 2008 to 2014 and found the best fit 
source accounting for this uplift signal is a Mogi source ∼3.9 km BSL. However, using the same results, Xue 
et al. (2020) found a best fit model consisting of a Mogi source at ∼3.2 km lying beneath a shallow sill at 
about 0.9 km, they then updated the magma accumulation status of Okmok using campaign and continu-
ous GPS data with the source derived using the InSAR results from Qu et al. (2015). In this study, we focus 
on the post-eruptive deformation from 2008 right after the eruption to 2020.

In this study, we use PSInSAR techniques to produce deformation time series for Okmok volcano, using 
data from 4 different sensors and six independent imaging geometries to track the evolution of the Okmok 
magma system since its 2008 eruption. The deformation time series capture the temporal evolution of the 
surface deformation at Okmok volcano. The Ensemble Kalman Filter (EnKF) is used to track the source 
parameters over time as the system evolves. EnKF is a time-dependent inversion filter based upon the 
traditional Kalman Filter (KF). The KF is a data assimilation algorithm that evaluates a linearly evolving 
system problem. It uses a series of measurements observed over time containing statistic noise and other 
inaccuracies to produce estimates of unknown model parameters (Kalman, 1960). The EnKF uses an en-
semble of forward models to link system parameters to observations. The ensemble approach enables EnKF 
to overcome the limitations of the traditional KF and Extended Kalman Filter (EKF), such as high compu-
tation load and poor performance when dealing with highly nonlinear systems (Evensen, 2003, 2009). Here 
we adopt the framework developed by Gregg and Pettijohn (2016) and Zhan and Gregg (2017) to assimilate 
the deformation time series computed from InSAR into linear elastic finite element models (FEM) of the 
magma source to investigate the evolving state of the Okmok magma system.

2.  Methods and Datasets
2.1.  Time-Series InSAR Algorithms

Conventional InSAR deals with only a few interferometric pairs. In this scenario, the measurement ac-
curacy can be significantly compromised by artifacts and noise such as Atmospheric Phase Screen (APS) 
due to the atmospheric phase delay, orbital error introduced by inaccurate satellite orbit determination, 
unwrapping errors due to large phase jump or decorrelation, topography error due to inaccurate DEM, 
and geometric errors associated with the change in look angle between the sensor and the ground targets 
(Hooper et al., 2007). The PSInSAR technique provides a way of approaching such problems. PSInSAR algo-
rithms aim at extracting scattering mechanisms from ground targets that persist over the observation period 
to maintain good interferometric coherence. Since the emergence of Persistent Scatterers (PS) concepts in 
the last two decades, there are two main approaches for PSInSAR implementation. One approach uses the 
amplitude dispersion as a proxy for the stability of the scattering mechanism; points with small amplitude 
dispersions are selected and used for subsequent PSInSAR processing (Ferretti et al., 2001). The other one 
assumes the noises are spatially uncorrelated and identifies PS by noise level thresholding (Hooper, 2008; 
Hooper et al., 2004). In this research, we use the later one, which is also referred to as the Stanford Method 
for Persistent Scatterers (StaMPS). The standard procedure of PS incorporating SBAS, hereafter called PS-
SBAS, is used to process the SLC image stack. We will briefly describe the algorithm below, and for tech-
nique details, readers should refer to Hooper (2008) and Hooper et al. (2007).

During the StaMPS processing, the wrapped interferometric phases are assumed to contain both spatially 
correlated and uncorrelated parts:

     def atm orb topo noiseΔΦ ΔΦ ΔΦ ΔΦ ΔΦ ,� (1)

where defΔΦE  is the spatial-correlated deformation, atmΔΦE  is the spatially correlated APS, topoΔΦE  is the spa-
tially uncorrelated DEM error, noiseΔΦE  is the spatially uncorrelated noise term due to variability in scattering 
within the pixel, thermal noise and coregistration errors (Hooper et al., 2004).

To evaluate the noise level, the spatially uncorrelated terms are first filtered out using a Combined Lowpass 
and Adaptive Filter (CLAP), the DEM error is then estimated in a least squares sense. After the subtraction 
of the DEM error term from the spatially uncorrelated signal, a measure of phase temporal stability can 
then be computed as
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where NE  is the number of interferograms, SUC,iΔΦE  is the spatial uncorrelated term estimated from the CLAP 
of each interferogram, ˜

topo,iΦ  is the estimated DEM error for each time step. After PS selection using a 
stochastic scheme and noisy PS candidates weeding, the wrapped interferograms are unwrapped with a 3D 
unwrapping algorithm (Hooper & Zebker, 2007).

2.2.  SAR Datasets and Processing

SAR datasets used in this study begin in September 2008, one month after the last ash emissions recorded 
on August 20, 2008. The C-band Envisat P222 track spans from 2008 to 2010 with 7 scenes in total. The 
TerraSAR-X P116 track spans from 2011 to 2014 with 8 scenes in total. The temporal gap is about 11 months 
between the Envisat and TerraSAR-X and about 9 months between the Sentinenl-1 and TerraSAR-X. The 
C-band Sentinel-1 P95 track spans from 2015 to 2020 with 44 scenes, and P168 track from 2016 to 2020 with 
40 scenes. The L-band ALOS-2 P92 track spans from 2015 to 2019 with 8 scenes, and P93 track from 2015 
to 2019 with 9 scenes. All of the SAR images are acquired in summer from June to October. Winter scenes 
are discarded due to the decorrelation effects introduced by the thick snow and ice coverage. To remove the 
topographic contribution from the interferometric phase, we use the high-resolution ArcticDEM generat-
ed with optical stereo imagery (Porter et al., 2018). Precise DORIS orbits are used for the Envisat data for 
baseline calculation. Interferometric pairs with relatively small perpendicular baseline and temporal sep-
aration are selected to reduce the spatial and temporal decorrelation. Additionally, to reduce the influence 
of APS to the 3D phase unwrapping, a minimum temporal separation of 60 days is used when smoothing 
the phase spatial gradient in time for computation of the cost function for the network-flow phase unwrap-
ping. The perpendicular baselines threshold given to each track is a compromise between relatively denser 
network for retrieving single referenced deformation history and relatively smaller perpendicular baseline 
to maintain interferometric coherence. The reference region for phase unwrapping is selected in either the 
southeast area near the CGPS station OKFG, or the northeast of the island if OKFG is not covered in the 
SAR images. The volcanic deformation over these regions are negligible.

The SBAS networks constructed are shown provided in Figure 2. The derived deformation time series are 
then validated with the (CGPS) data provided by the Nevada Geodetic Laboratory (Blewitt et al., 2018) from 
3 sites: OKCE, OKNC, and OKSO (Figure 1). The temporal coverage of CGPS data are shown as in Figure 2g.

2.3.  Time-Dependent Source Inversion

The deformation time series calculated with PSInSAR are then used for the inversion of the Okmok magma 
source with an ensemble of FEMs updated by the EnKF. We use a three-dimensional, linear elastic FEM to 
model stress and strain with COMSOL Multiphysics 5.5 ®. The source is modeled as an incompressible pres-
sure sphere with a radius of E R and an overpressure ΔE P (Figure S1 in Supporting Information S1), embedded 
at a depth of E Z below the surface. The host rocks are modeled as a block of homogeneous linear elastic ma-
terials with a dimension of  60 km 60 km 20 kmE  , a Young's modulus of  107.5 10 PaE  and a Poission's ratio 
of 0.25. Initial isostatic stress is applied in response to the constant gravity (   2. m /sE 9 8g  ).

  1 2 3 ,σ σ σ ρgz� (3)

where E iσ  are the initial principle stress,  32700 kg/mE ρ  is the density of the crust, E z is the depth. The side 
and bottom boundaries are characterized by roller condition and the upper surface is free to deform. We 
use a mesh-controlled domain with finer mesh grids near the magma reservoir location for higher accuracy.

The EnKF formulation is constructed by replacing the calculation of Jacobian of the transformation model 
from system parameters to observations with model ensembles. Combining model predictions from previ-
ous time step with observations, the evolutions of the system parameters are tracked using a Markov Chain 
of Monte Carlo method (Evensen, 2003):

   


   
1

,a T T
e e eA A P H HP H R D HA� (4)
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where E A is the forecast ensemble matrix of the system parameter to be estimated and predicted observa-
tions, E eP  is the covariance matrix of E A , E H  is the mapping matrix that linking the forecast ensemble E A to the 
observations, E eR  is the covariance matrix of the observations and E D is the matrix of measurements.

For the EnKF setup, an iterative parameter updating strategy is employed as described in Zhan and 
Gregg (2017). One hundred ensembles are used and a maximum of 10 iteration steps to balance between 
parameter precision and computational costs. Previous studies suggest better inversion results could be 
achieved when displacements from both InSAR and GPS measurements are jointly assimilated into the se-
quential source inversion (Albright et al., 2019; Zhan & Gregg, 2017). However, for our case, the three CGPS 
records do not provide enough constraints to the source parameters, that is, three-dimensional location, 
magma reservoir radius and overpressure inside the magma chamber. Assimilation of GPS data leads to 

Figure 2.  Temporal-spatial baseline distribution of the SBAS network for the six InSAR datasets and temporal coverage of Global Positioning System data 
used: Interferograms with perpendicular baseline less than (a) 400 m for C-band Envisat P222 track; (b) 200 m for X-band TerraSAR-X P116 track; (c) 100 m for 
L-band ALOS-2 P92 track; (d) 200 m for L-band ALOS-2 P93 track; (e) 150 m for C-band Sentinel-1 P95 track; (f) 100 m for Sentinel-1 P168 track. (g) Temporal 
coverage of SAR and Continuous GPS data used in this paper.
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divergence instead of providing important time evolution updates during the temporal gap of InSAR data 
collections. Moreover, since the InSAR data from different tracks take different references, and only the 
TerraSAR-X are acquired from a descending orbit, it is not feasible to assimilate InSAR observations from 
different tracks. In such scenario, we conduct the time dependent source inversion independently for each 
InSAR tracks and then link them with the CGPS data to provide the full-time range of the magma system 
evolution of Okmok after the 2008 eruption. The GPS data were downsampled to 30-day average bins. The 
source locations for the CGPS inversion are fixed based on our InSAR results. Only the source strength, that 
is, radius of the pressure sphere and over pressure inside the chamber are variables that updated at each 
EnKF updating step. The cumulative post-eruptive volume changes at each InSAR reference date are also 
estimated from the CGPS records. The cumulative volume changes associated with the InSAR observations 
are then derived by adding the incremental volume change from each track to the cumulative volume 
change at the reference date. To reduce the influence of APS and other noise to the source modeling, we 
only use InSAR results inside the caldera, which we will discuss in detail later.

3.  Deformation History and Source Evolution
3.1.  Deformation History Since 2008

The deformation history since the 2008 eruption is generated with the PSInSAR algorithms, with Spatially 
Correlated Look Angle (SCLA) error corrected using a least squares sense. APS correction in StaMPS is 
accomplished by a high-pass filter in time and low-pass filter in space (Hooper et al., 2004). For this appli-
cation, SCLA correction alone is enough for accurate deformation mapping inside the caldera (Figure 4). 
Results with APS correction tend to bias deformation signals both inside and outside the caldera compared 
to the records of CGPS, which we use as ground truth to validate the InSAR measurements. One possible 
reason may be that the inflation rates are time varying, the low-pass filter during APS correction tends to 
flatten the higher frequency signals and introduce bias. Therefore, APS corrections are not applied in the 
InSAR results. After the SCLA correction, the cumulative deformations are derived from the SBAS network 
using a least squares approach. The deformation mapped from different datasets are shown as in Figure 3, 
and more detailed deformation time series can be found in Figure S2 in Supporting Information S1. The 

Figure 3.  Cumulative deformation maps from different InSAR tracks. Signal in red corresponds to uplift. (a) Envisat P222 track, (b) TerraSAR-X P116 track, 
(c) ALOS-2 P92 track, (d) ALOS-2 P93 track, (e) Sentinel-1 P95, and (f) Sentinel-1P168. All the deformation measurements are in the Line-Of-Sight (LOS) 
directions. Deformations inside the caldera are enlarged in the inset to improve visibility.
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corresponding cumulative deformation derived from each SAR data set is shown in Table 1. The inflation 
is persistent throughout the whole observation period from 2008 to 2020 for all the six InSAR tracks. The 
region of most deforming area is located near the center of the caldera, with little variation during the entire 
time span.

The cumulative deformation maps are then compared with the CGPS records for validation of measurement 
accuracy at three CGPS stations, that is, OKCE, OKNC, and OKSO (Figure 4). The CGPS measurements are 
corrected for non-volcanic deformation, mainly tectonic signals due to the interaction between the Pacific 
plate and the North American plate, by subtracting the measurements from a CGPS station far away from 
the deforming center at a distance of about 15 kmE  , that is, OKFG (Figure 1). The three-dimensional GPS 
measurements are then projected to the LOS direction of the corresponding SAR imaging geometry. PS 
within 100  m of the CGPS sites are selected and their averages are computed for the comparison. The 
promising agreement between the InSAR derived deformation time series and the CGPS solution suggests 
our InSAR measurements are reliable, with most of the standard deviations of the difference between the 
InSAR results and CGPS records less than 1cmE  .

3.2.  Evolution of the Magma System

We use a single incompressible pressure sphere to capture the temporal evolution of the deformation ob-
tained above. The InSAR results are resampled to 50m 50mE  grids to reduce noise and data volume for 
the EnKF processing (Figure S3 in Supporting Information S1). The measurement uncertainty of InSAR 
is determined as the standard deviation of the phase of PS fallen into the same grid, plus the uncertainties 
introduced by APS, which is computed using semi-variograms over areas where volcanic deformation is 
negligible (Murray et al., 2019). One great advantage of EnKF is not only the evolution of parameters are 
tracked with the time-dependent filter, the uncertainty of the system parameters can also be estimated to 
the first order for each assimilation (Evensen, 2009). In our case, the uncertainty is high for the first a few 
steps and then the estimation converges rapidly over time. Due to the nature of non-uniqueness in the in-
version, we use a single volume change, which combines both the source radius and the overpressure of the 
magma chamber, to represent the source strength.

Our results show a stationary source embedded ∼3.5 kmE  beneath the mean elevation of the caldera floor, 
which is equivalent to a source about 3 kmE  BSL (Figure 5), can account for most of the observed InSAR 
signals and agree well with previous studies of the pre-2008 eruption magma system (Albright et al., 2019; 
Biggs et al., 2010; Fournier et al., 2009; Lu et al., 2005, 2010). The easting and northing of the source position 
are relatively unstable during 2008–2014 compared to those in the time period from 2015 to 2020, which 
was also identified in Qu et al. (2015). As previous studies have confirmed that the position of the shallow 
magma source is stable without significant temporal variations, we believe that this fluctuation during 
2008–2014 is a result of sparse spatial coverage of InSAR data inside the caldera, which adversely impacts 
the performance of EnKF leading to the need for a model spin-up period (Zhan & Gregg, 2017). Sparse PS 
density inside the caldera is caused primarily by the decorrelation associated with mobile tephra deposited 
during the 2008 eruption. Since after the 2008 eruption, magma storage in the source has been increasing at 
a time-varying rate with a maximum rate of about 30.006 km /yrE  during 2017–2018 and a minimum rate of 
about 30.003 km /yrE  during 2015–2016 and 2019 to 2020. The fluctuating magma accumulation rate is similar 
to that during the previous inter-eruption cycle during 1997 and 2008 (Lu & Dzurisin, 2014; Lu et al., 2010).

Scene ID Envisat P222 TerraSAR-X 116 ALOS-2 P92 ALOS-2 P93 Sentinel-1 P95 Sentinel-1 P168

Start time 20080924 20110727 20150722 20150629 20150609 20161012

End time 20100825 20140924 20190522 20190805 20201010 20201015

Cumulative deformation (mm) 300 180 280 310 350 320

Note. Dates are in the format of YYYYMMDD.

Table 1 
Cumulative Deformation for Each InSAR Data Set
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Figure 4.  Comparison of deformation time series from InSAR with the Continuous GPS (CGPS) observations in the Line-Of-Sight direction: (a), (b), (c): 
deformation from TerraSAR-X P116 track and Global Positioning System (GPS) at station OKCE, OKNC, and OKSO, respectively; (d), (e): deformation from 
ALOS-2 P92 and GPS site OKCE and OKSO, respectively; (f), (g), (h): deformation from ALOS-2 P93 and GPS site OKCE, OKNC and OKSO, respectively; (i), (j): 
deformation from Envisat P222 and GPS site OKCE and OKSO, respectively; (k): deformation from Sentinel-1 P95 and GPS site OKCE; (l), (m), (n): deformation 
from Sentinel-1 P168 and GPS site OKCE, OKNC and OKSO, respectively. All the GPS observations are referenced to OKFG and are shifted to the same 
reference data of the InSAR observations, respectively. The InSAR measurements agree well with the CGPS records with most of the standard deviation of their 
difference less than 1cmE  .
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Figure 5.
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4.  Discussion
4.1.  InSAR Processing Error Analysis

In this study, we use only the InSAR observations inside the caldera for the source inversion despite the fact 
that significant volcanic deformation can be easily identified at a distance of several kilometers away from 
the inflation center. This data selection strategy, which produced a rather persistent and precise estimation 
of the magma system (Figures 5a, 5b, 5c, 5e), is an optimization for the derived time-series InSAR results. 
The methodology we use for the multi-interferogram algorithm, PS-SBAS, is a three-dimensional algorithm 
which takes advantage of both the spatial and temporal information during the processing (e.g., the CLAP 
filtering conducted spatially on pixels in each data layer), and the linear regression of the look angle error 
done on pixels in time. In addition, manipulation of the three-dimensional information can improve the PS-
SBAS performance significantly especially in presence of noise. For example, the 3D phase unwrapping al-
gorithm in StaMPS uses a temporal and spatial smoothing to the spatial gradients of the nodes to derive the 
cost function for the statistic-cost network-flow phase unwrapping, which performs well especially when 
some SLC scenes are saturated with random noise. Nevertheless, in the presence of strong APS effects, 
the temporal smoothing may bias the estimation, and thus results in a systematically deviated unwrapped 
phase, which is the case for the PS-SBAS processing for Okmok.

Following the algorithms used in StaMPS, we employ the minimum standard deviation of the arc noise 
of each node as a representation of the noise for the computation nodes (Figure S6 in Supporting Infor-
mation S1). The noise level around the inflation center inside the caldera is significantly lower than that 
outside the caldera for all the datasets except for the C-band Envisat, which is caused predominantly by 
the larger decorrelation effects associated with larger spatial baselines. Although the noise level is low for 
a considerable portion of areas away from the deformation center, the error can be cumulative in space and 
time using the network-approach phase unwrapping algorithm. Considering the noise level over the caldera 
rim is significantly high and our measurements near the locus is reliable (Figure 4), the measurement un-
certainty in areas away from the center caldera can be large. After the 3D phase unwrapping, the cumulative 
deformation is derived from the SBAS network in a least-square scenario. We use a simple estimator E ρ to 
evaluate the SBAS processing noise:
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where sb
iE  is the htE i  out of E N unwrapped interferogram in the SBAS network, sb _ sim

iE  is the htE i  unwrapped inter-
ferogram calculated from the inverted single-referenced cumulative deformation map. E  estimates the de-
viations of the unwrapped phase for each PS. Compared with the one derived from linear regression, E  can 
be considered as a biased estimation of the signal to noise ratio since sb _ sim

iE  is just a biased estimate to the 
real cumulative displacements. A large E  indicates a larger uncertainty in the unwrapped phase. Figure S7 
in Supporting Information S1 illustrates the calculated E  for each data set. It is obvious that the noise level 
outside the caldera is significantly higher than that near the deformation locus for all the six InSAR tracks. 
The low E  values in most area of the caldera suggest precise observations during the whole observation 
period. On the other hand, the good agreement between the InSAR data and CGPS records, especially the 
one located close to the deformation center, that is, OKCE, suggests that our InSAR results have captured 
the temporal evolution of the deformation quite well and the derived displacements near the locus are re-
liable (Figure 4). Outside the caldera, the volcanic deformation extends to a distance of several kilometers 
from the source to the volcano flank. The high E  values in these areas indicate a rather wide distribution of 
points during the SBAS linear regression. Such results are still useful for the source inversion, if the overall 
effects of the individual deviation are negligible. However, since the APS effects are spatially correlated in 
each interferograms and is not temporally independent as discussed before, the APS artifacts in a single 
scene are not normally distributed and can be a catastrophe for determining the source parameters. For this 

Figure 5.  Time dependent source models from 2008 to 2020 based on the InSAR data with error bars showing 1σ uncertainties. (a) Temporal evolution of 
easting coordinate of the magmatic deformation source with respect to an arbitrary reference R (panel (e)) and its uncertainty. (b) Northing coordinate of the 
best-fit source as a function of time and its uncertainty. (c) Best-fit depth of the deformation source and its uncertainty as a function of time. (d) Evolution of 
source strength (cumulative volume change) and its uncertainty with time. (e) Lateral spreading of the inverted source position, where R is the reference point 
for the easting and northing coordinates.
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reason, we have discarded signals outside the caldera to get a more persistent and accurate estimation of 
the deformation source.

Use of only deformation inside the caldera is verified for the Sentinel-1 P168 data set. Source modeling is 
applied to both the full scene and the signal inside the caldera. The source parameters derived with signal 
inside the caldera are mostly consistent with the ones derived from the full scenes (Figure S5 in Supporting 
Information S1) with only small deviations, indicating that the deformation inside the 10-km-wide caldera 
alone is enough to constrain the magma system. The inverted magma source models agree well with the 
previous studies before the 2008 eruption, especially with the previously InSAR derived models (e.g., Lu 
et al., 2005, 2010). Our results indicate the source accounting for the post-eruptive deformation of Okmok 
since the 2008 eruption is still the same source which is responsible for the 1997 and 2008 eruptions and 
during the inter-eruption interval. The APS and decorrelation have always been a problem for modeling the 
magma source of Okmok over the Aleutian arc (Gong et al., 2015), our work in this paper may also provide 
some insights to the source modeling with time series InSAR data over areas with dense APS artifacts and 
decorrelation.

4.2.  The Stationary Magma Reservoir of Okmok

Using spaceborne SAR images acquired from six different imaging geometries at three frequency bands dur-
ing 2008–2020 we have investigated the post-eruptive deformation of Okmok after the 2008 eruption. The 
produced deformation history shows that the Okmok started rapid reinflation with a persistent deformation 
rate of about 150 mm/yrE  within the first two years after the 2008 eruption, then slowed down to about 50 
mm/yrE  during 2011–2013 and accelerated to about 90 mm/yrE  again during 2013–2014. The volcanic deforma-
tion rate was relatively steady from mid-2015 to about mid 2016 with a rate of about 50 mm/yrE  . From 2017 
to mid 2019, the inflation rate increased again, with an average rate reached about 100 mm/yrE  . Since mid 
2019, the inflation rate decreased again to about 40 mm/yrE  . The episodic pulse of inflation at different rate 
(Figure 6) resembles those of the pre- and inter-eruption deformation patterns of the 2008 and 1997 events 
of Okmok, which inflate periodically at time-varying rates with exponential patterns and were interpreted 
as responses to the magma accumulation in the shallow reservoir about 3 km BSL (Biggs et al., 2010; Lu 
et al., 2005, 2010). One major difference of the post-eruptive deformation after 2008 is that there is no period 
of quiescence as that during 1993–1996 and 2004–2007, which was interpreted as a critical state of pressur-
ization for the reservoir where the surrounding hosting rocks are strong enough to temporarily retard the 
magma supply from depth (Lu et al., 2010). This persistent inflation pattern at a time-varying rate suggests 
a persistent pressure gradient between the deep magma source and the shallow reservoir and a critical 

Figure 6.  Vertical displacement of OKCE, OKSO from 2008 to 2020 and OKNC from 2010 to 2020. Clear episodic 
pulses of inflation can be seen from OKCE and OKNC.
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capacity of the magma reservoir beyond which the reservoir wall can no longer deform to accommodate the 
magma pressure has not yet reached since the 2008 eruption.

The episodic pulse of inflation at different rate is especially evident in the vertical components of the CGPS 
records (Figure 6). About five pulses of rapid inflation that slow down exponentially can be identified from 
the vertical CGPS records. The time varying inflation rates of a single pulse that decay exponentially in a 
single pulse can be possibly explained by a model where the shallow reservoir is fed by the magma flow from 
a deep source to compensate the pressure gradient (e.g., Lu et al., 2003, 2010). The episodic pulses may indi-
cate that the pressure balance between the shallow reservoir and the deep source were broken at the end of 
the previous pulse. Several volcanic processes can produce this kind of pressure gradient behavior. First, in-
jection of hot magma into the relatively colder reservoir is accompanied with crystallization, during which 
the hot melts cool down and contract. The decrease in volume will result in increased pressure gradient 
between the shallow magma reservoir and deep magma source. However, the time scale of crystallization is 
generally much larger than the period of the episodic inflation (Caricchi et al., 2014), thus it cannot be solely 
responsible for the observed inflation pattern at Okmok. Degassing of excess volatiles from the cooling and 
crystallization of water-saturated magma may also contribute to the pressure decrease in the magma reser-
voir. Gas bubbles exsolve from the volatile-rich magma during crystallization, and the crystals tend to trap 
the gas bubbles. When the host rocks become permeable, gas can be expelled from the reservoir, which will 
result in pressure decrease in the reservoir. Another alternative explanation is that the pressure in the deep 
magma source might not be constant over time. The pressure in the deep source may increase episodically, 
which builds up episodic pressure gradient between the reservoir and the magma source and produces an 
episodic inflation pattern at Okmok. Similar episodic inflations have also been observed at other volcanoes, 
some of these cases were interpreted using a temporal blockage in the magma migration pathway (Cervelli 
& Miklius, 2003). A transient interruption of magma supply may be caused by a short-lived blockage, which 
is believed to be produced by the convective overturns of the degassed crystallized magma in the reservoir. 
The denser magmas move downward and tend to impede the magma flow from the pathway to the shallow 
reservoir. Upon removal, another episode of inflation begins. Whether these processes can occur in the 
magma system is still unknown, further investigations are still needed to test these hypotheses.

As mentioned above, spatially correlated APS effects are prone to saturate the InSAR results outside the 
caldera and compromise the source inversion significantly, especially when the APS can reach a magni-
tude comparable to the deformation signal. In our case, the signals outside the caldera with dense APS 
are masked out, and the deformation time series are modeled with numerical FEMs and a best fit magma 
source is found located at about 3.5  km beneath the caldera floor, which agrees well with the previous 
studies (Biggs et al., 2010; Lu et al., 2005, 2010), suggesting the same magma source accounting for the 
progressive pre- and inter-eruptive deformation of the 1997 and 2008 eruption. Qu et al. (2015) mapped the 
post-eruptive deformation during 2008–2014 and found a Mogi source embedded about 4 km beneath the 
caldera center, which is about 1 km deeper than previous studies conducted with InSAR. Using the same 
datasets, Xue et al. (2020) identified significant deviations between the GPS and InSAR results inside the 
caldera near the locus and interpreted them as localized deformation possibly related to self-compaction 
and erosion of new tephra by the 2008 erosion and viscoelastic relaxation and thermo-elastic cooling from 
older lava flows. After masking the signals inside the caldera where the InSAR and GPS are not compatible 
and combined with GPS records, a Mogi source located about 3.2 km together with a shallow sill was used 
to account for the post-eruptive deformation. However, we have recomputed the deformation history during 
2008–2014 with the same datasets (i.e., the C-band Envisat P222 and X-band TerraSAR-X P116 track) using 
the PSInSAR processing procedure deployed in this study, and found good agreements between the InSAR 
and GPS. Also, results from C-band Sentinel-1 and L-band ALOS-2 show little deviation to the CGPS records 
since 2015, indicating that our mapped deformation inside the caldera is accurate for the source inversion. 
The source depth accounting for the inflation immediately after the 2008 eruption in our study is very 
close to that before 2008, which is consistent with the progressive deepening in the deflation source during 
the 2008 eruption in previous inter-eruption observations by Lu and Dzurisin (2010) and Freymueller and 
Kaufman (2010), indicating magma accumulation inside the shallow reservoir resumed rapidly after the 
eruption. The inferred locations of the magma reservoir from InSAR coincides with the low seismic velocity 
zone inferred from seismic radial anisotropy and resistivity survey (Miller et al., 2020).
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4.3.  Erosion of the 2008 Tephra Deposits

Although the erosion of the unconsolidated tephra deposits cannot be mapped directly, our InSAR results 
can still provide some insights into it. Since the 2008 eruption, the dense volcanic sediments inside the 
caldera have become a pervasive and insurmountable problem for deformation mapping with InSAR. Rap-
id surface changes associated with erosion of the deposits would degrade the interferometric coherence. 
For the identification of PS using SAR datasets with small perpendicular baselines, the spatial coverage 
of PS represents basically the area without significant temporal changes. Our InSAR observations cover 
only a small portion inside the caldera and no coherent measurements can be obtained near Cone D (Fig-
ure 3), which produced the 2008 phreatomagmatic eruption and is deposited with tephra to a thickness of 
25–50 m (Larsen et al., 2015). The PS coverage of the C-band Envisat P222 right after the 2008 eruption is 
less than that of the X-band TerraSAR-X which started about two years after the eruption. Considering that 
the decorrelation associated with surface erosion is stronger for the X-band sensor (e.g., Hanssen, 2001; Wei 
& Sandwell, 2010), our results indicate that the erosion and consolidation of the tephra materials evolved 
rapidly in the first two years after the eruption. Also, the spatial extent of PS in the C-band Sentinel-1 or 
L-band ALOS-2 covers most of the caldera area except for the region near cone D and water bodies in the 
east caldera, suggests that large scale of sediment erosion that reshaped the surface rapidly after the 2008 
eruption has ceased in these areas since 2015.

4.4.  Magma Supply Dynamics

The InSAR deformation history can be well modeled by a simple spherical pressure source which is relative-
ly stationary through time and is consistent with the calculated pressure source prior to the 2008 eruption. 
Lu and Dzurisin (2010) suggests a shallow contracting sill at a depth ∼0.5 km during the 2008 eruption and 
they interpreted this as the extraction of ground water which was responsible for the phreatic nature of the 
2008 eruption. Freymueller and Kaufman (2010) also detected changes in the magma source immediately 
before and during the 2008 eruption; they suggest that these variations are related to preexisting magma 
storage at shallower depths prior to 1997, with a more chemically evolved magma that accounts for the 
slightly higher 2E SiO  content and 2–3 times larger eruption volume. We cannot evaluate the possibility of the 
existence of such a shallower structure with only the coherent InSAR observations from 2008 to 2014 due to 
the lack of spatial coverage near the center of the caldera, where the shallow sill was thought to reside (Lu 
& Dzurisin, 2010; Xue et al., 2020). However, starting from 2015, the availability of Sentinel-1 and ALOS-
2 data enables a larger spatial coverage than the Envisat and TerraSAR-X. We have detected no localized 
deformation that is indicative of shallower sources for this time range. Hence, the shallower sill structure 
discussed in Freymueller and Kaufman (2010) and Lu and Dzurisin (2010) was likely a transient process 
associated with the 2008 eruption.

The 2008 eruption was significantly different from its predecessors. We compared the post-eruptive magma 
accumulation with that during the inter-eruptive period from 1997 to 2008 (Figure 7). The rapid magma 
replenishment occurred immediately after the 1997 and the 2008 eruptions and both show episodic patterns 
with time-varying rates decaying exponentially. We notice that the magma intrusion rate after the 2008 
eruption is almost three times of that after the 1997 eruption. Consider a conceptual model widely used 
for Okmok and other shield volcanoes in the Aleutian where the shallow reservoir is fed by the magma 
flow from a deep source to compensate the pressure gradient (e.g., Lu et al., 2003, 2010). The much larger 
post-eruption magma replenishment rate indicates a reduction in the resistance inside the magma trans-
port pathway from the deep source to the shallow reservoir after the 2008 eruption, or that the pressure 
difference between the shallow reservoir and the deep source after the 2008 eruption is much higher than 
after the 1997 eruption. Whether and how the extrusion of magma in the shallow reservoir during the 2008 
eruption can affect the deep magma migration pathway remains uncertain. We are inclined to suggest that 
the increase in the pressure difference following the 2008 eruption is the result of a pressure decrease in 
the shallow reservoir assuming the pressure in the deep magma source remains constant. Hence, the much 
higher inflation rate after the 2008 eruption may be the result of a larger pressure deficit in the shallow 
reservoir as the eruption volume from the 2008 eruption was much greater than that of the 1997 eruption. 
The cumulative volume change after the 2008 eruption also indicates a much higher magma accumulation 
rate; ∼0.08  km3 of magma has been intruded into the shallow reservoir from 2008 until 2020, which is 
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about twice the rate observed from 1997 to 2008. Along with the post-eruptive surface deformation, which 
can be well determined by the spherical source, we speculate that the increase in the eruptive volume asso-
ciated with the 2008 eruption relative to the prior historical eruptions from Cone A is likely resulted from 
over-extrusion of magma in the shallow reservoir during the 2008 eruption. The over-extrusion during the 
eruption thus causes a possible greater reduction in magma pressure compared to the 1997 eruption, which 
subsequently leads to a higher magma replenishment rate and large inflation rate.

The over-extrusion may be a result of a change in the mechanism of the magma ascent from the reservoir to 
the surface as discussed in Larsen et al. (2015), where the magma migration pathway changed from a single, 
narrow shallow conduit that connecting the reservoir with Cone A to a dike-fed system tapping a larger 
portion of the eruptible magma from storage. This is consistent with the inter- and co-eruptive seismicity 
distribution associated with the 2008 eruption (Ohlendorf et al., 2014). We infer that the two earthquake 
swarms located beneath Cone A and Cone D recorded during the time period from early 2003 to July 6 2008 
and from 6 to 13 2008, respectively, are indicative of brittle failure associated with the magmatic fluid migra-
tion. The distinctly different event locations are evidence of different magma ascent pathways accounting 
for the 1997 and the 2008 eruptions. An alternative explanation involves the phreatomagmatic nature of 
the 2008 eruption. Lu et al. (2010) identified minor deflations during the inter-eruptive period from 2004 to 
2005, which was associated with the outgassing of volatiles. Signals of localized deflation during the 2008 
eruption were also identified and attributed as the withdrawal of ground water (Lu & Dzurisin, 2010). The 
exsolution of magmatic volatiles may fracture the host rocks of the spherical magma source and shallower 
ground water reservoir, making it possible for explosive interaction between the magma and the ground 
water, which further fracture the magma migration pathway and finally produced the explosive eruption 
and the significantly large eruption volume. A schematic illustrating the two hypotheses above is shown in 
Figure 8.

The cumulative volume change inside the shallow reservoir until 2020 is about 60% of the total reservoir 
volume change during the 2008 eruption (∼0.08 km3). The 2008 eruption occurred when the volume of 

Figure 7.  Comparison of the cumulative volume change since 2008 with that during 1997–2008. The 1997 
eruption volume is from Lu et al. (2005), the 2008 eruption volume is the co-eruptive volume change from Lu and 
Dzurisin (2014). The data in this study are plotted with respect to the axes on the top and the right; the volume changes 
from 1997 to 2008 from Biggs et al. (2010) and Lu and Dzurisin (2010) are plotted with respect to the axes on the bottom 
and the left.
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magma withdraw during the 1997 eruption was almost replenished (Figure 7), which may imply that the 
triggering condition of an eruption is when the reservoir capacity is reached. In addition, declining inflation 
rates that last for a few years prior to the eruption and a period of oscillations including deflation and infla-
tion may also serve as an indication that an eruption draws near (Fournier et al., 2009; Lu et al., 2010). Since 
2019, the inflation rate at Okmok decreased to about 40 mm/yrE  , which is the lowest since the 2008 eruption 
and is close to that during the pre-eruptive inflation during 1993–1995. Therefore, continuous monitoring 
ground deformation at Okmok volcano is critically important in the future. Even if surface deflation such 
as that observed during 2004–2005 were detected at Okmok, without knowledge of the magma pressure in 
the shallow reservoir and the deep source, it is difficult to determine whether the decreasing inflation rate is 
an indication of an imminent critical pressure state or just another tail of the exponential decaying magma 
replenishment cycle as those during 2011–2013 and 2015 to 2016. Limited by the over-simplified nature of 
the models we use, further understanding of the volcanic system can be achieved only when the realistic 
physical processes critical for the volcanic life cycles are considered, for example, compressibility of the 
magma, melt viscosity, degassing and crystallization, which require assimilation of multi-disciplinary data 
such as tomography of the sub-caldera structure from seismology and magma evolution from geochemical 
research.

5.  Conclusion
In this study, we have mapped the inflation of Okmok volcano after the 2008 eruption with the PS-SBAS 
method. Multi-temporal SAR datasets from C-band Envisat and Sentinel-1, X-band TerraSAR-X and L-band 
ALOS-2 over long-period observations allow us to produce deformation time-series with high accuracy 

Figure 8.  Schematic cross section through Okmok along Cone A and Ahmanilix illustrating the mechanism for the proposed over extrusion. The 2008 eruption 
was fed possibly by dike systems well evolved during the caldera collapse. Interaction between the magma ascent and ground and surface water may also 
contributed to the large eruption volume.
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within the caldera, despite the dense APS artifacts contamination. The generated deformation history in-
dicates Okmok has been inflating at a time-varying rate ranging from about 30 150 mm/yrE  since after the 
2008 eruption, which agrees well with the CGPS records. We then track the magma system evolution with 
EnKF using a spherical incompressible pressure source. The results suggest that the volcanic deformation 
can be explained well by a source located about 3 kmE  BSL at the center of the caldera with little variations in 
lateral positions, which we believe, is the same source that produced the 1997 and 2008 eruptions and the 
surface deformation associated with them. The cumulative volume change accounting for the inflation is 
about 30.08 kmE  from 2008 to 2020, which is about 160%E  and about 60%E  of the total reservoir volume changes 
during the 1997 and the 2008 eruptions, respectively.

The dense SAR data acquisitions from spaceborne SAR sensors such as Sentinel-1 provides critical con-
straints for the mapping of volcanic deformation, and EnKF is a promising tool to assimilate the time-series 
deformation for the determination of source location and the tracking of temporal evolution of the source 
strength. The combination of InSAR and EnKF provides an exquisite approach to update the source evo-
lution of volcanoes for hazards forecasting and prevention. However, although elegant source modeling 
can be produced with current workflow and datasets, limitations still remain. For example, the poor data 
coverage in certain areas due to decorrelation in long-term observations may compromise the performance 
of EnKF as that in our study during 2008–2014, no coherence for winter acquisitions of C-band SAR can 
make it difficult to track the deformation continuously, saturation of dense APS artifacts may degrade the 
data coverage significantly in order to get robust inversions. Hopefully, this situation can be solved provided 
high interferometric-quality SAR data, for example, the future NISAR mission, and new algorithms that are 
capable of dealing with decorrelation and APS contaminations.

Data Availability Statement
InSAR deformation time series and modeling results are available at “Figshare” (10.6084/
m9.figshare.14602983).
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