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ABSTRACT

Ground deformation in volcano is a consequence of changes in
magma chamber’s volume. Magma storage, migration and volume change
is closely associated phenomena with the ground deformation. Therefore,
measuring ground deformation provides important information to
understand the volcanic activities. For some specific volcanoes, such as
Shinmoedake volcano, ground deformation of even a few centimeters can
occur before eruption. Thus, measuring ground deformation needs to be
fairly accurate.

SAR interferometry is a potential technique to measure the ground
deformation accurately. One of the limitations in SAR interferometry,
however, is atmospheric phase delay effects, which are induced when
microwave propagates into the atmosphere. In this aspect, various methods
for mitigating atmospheric phase delay effects have been developed. This
study aims to mitigate the atmospheric phase delay especially in volcano
because the stratified and turbulent atmospheric phase delay effects could
severely contaminate the deformation patterns.

First method used in this study is the atmospheric correction
technique using MODIS data. Multispectral observation can measure the
integrated water vapor in the atmosphere by analyzing ratios of water
vapor absorbing channel and atmospheric window channel. It can be
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directly used for calculating the tropospheric phase delay effect caused by
water vapor. Recent researches using multispectral datasets are restricted
to approach using ENVISAT. Therefore, new approach is necessary in
application using ALOS PALSAR. This study evaluates the applicability
and possibility. In adequate temporal difference and cloud coverage,
available datasets of MODIS successfully converted to the atmospheric
phase delay corresponding to SAR acquisition time. However, there are
some limitations in application into all dataset because of the cloud cover
and temporal difference between the SAR acquisition time and MODIS
acquisition time. In spite of limitations, the use of MODIS data in
atmospheric correction yield better results and minimize misinterpreted
errors.

The WRF model complements the limitations of MODIS data. In this
respect, an application of the WRF model in atmospheric correction of
differential interferogram was carried out in the second methods. The
estimated APS from the WRF model can explain the stratified APS
involved in differential interferograms. However, the accuracy of model
prediction should be evaluated. The direct use of the WRF model
predictions for atmospheric correction yield errors for mitigating the
turbulent APS and the small-scaled APS.

Final approach is a time-series analysis. In model experiments,

several properties of atmospheric phase screen (APS) are found out. The



first is that APS could remain in a time-series analysis and mainly comes
from the stratified APS. The second is that it is possible to estimate and
minimize the stratified APS by using sufficient WRF models. In the case
of the turbulent APS, time-weighting low pass filtering is capable to
reduce it. Therefore, the main idea of the atmosphere corrected time-series
analysis adopt the stratified APS and turbulent APS correction method
using WRF model and time-weighting methods. In comparison with
observational dataset such as GPS and MODIS dataset, the estimated
ground deformation and APS from the atmosphere corrected method have
low rms errors, and high correlation. Therefore, this method can be
believed as an accurate approach for measuring the ground deformation in

volcanic region.

Keywords : SAR Interferometry, Atmospheric phase delay effect, Volcano
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1. Introduction
1.1. SAR Interferometry and volcano monitoring

Synthetic Aperture Radar (SAR) records the complex digital numbers
of reflected signal from distributed targets. The amplitude of SAR image
reflects the slope distribution, dielectric constant, and roughness of targets.
The SAR amplitude information can be used in geological mapping and
classification of targets. SAR Interferometry (InSAR) utilizes phase
information of SAR images. Phase information is closely related to the
distance between targets and radar. SAR interferometry (INSAR) has been
known as a powerful technique to measure the ground movement and
generate the digital elevation map. Space-borne and air-borne SAR
interferometry can provide high resolution topographic information in
extensive areas. [Q. Lin et al., 1994; B. Rabus et al., 2003, M. Crosetto,
2002; A. Reigber and A. Moreira, 2000]. Differential interferometry
(DINSAR) can detect small change of topography as well. Recently,
DInSAR technique is widely applied into numerous phenomena which
accompany the ground movement such as earthquake, urban subsidence,
and land slide [M. Simons et al., 2002; X. Ye et al., 2004; M.Tesauro et al.,
2000]. The DInSAR technique can detect the ground deformation up to a

fraction of the microwave wavelength. Thus, the accuracy of DINSAR can
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theoretically reach a few centimeters in line of sight. However, its
performances are limited due to surface decorrelations. If targets on the
surface change rapidly or the surface condition is modified, INSAR
technique cannot provide any information due to the decorrelations. In
spite of these limitations, utilization of various approaches such as
polarimetric SAR interferometry, tandem mission, and multiple baseline
implementation can overcome the weakness of INSAR. Therefore, INSAR
and DInSAR technique have potential to explain the Earth and
Environmental phenomena.

\olcanic activities often cause the massive casualties, economic
losses and environmental damages. To alleviate the damages, predicting
when and where volcanoes will erupt should be resolved. Volcanic
eruption mechanism is correlated with the migration, accumulation and
stress triggering of magma. For monitoring and detecting these phenomena,
numerous methods have been applied such as seismic wave observation,
infrasound monitoring, and ground deformation measurement [F.
Brenguier et al., 2008; J.B. Johnson et al., 2004; J.B. Shepherd et al.,
1998].

Numerous researches have identified and measured the ground
deformation caused by volcanic activities [Z. Lu et al., 2010; G. Wadge et
al., 2006]. To understand volcanic activities, it requires the spatially

extensive information. Although dense GPS stations could be a good
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measurement system, difficulties of installation and maintenance of GPS
station can be limited in active volcanoes. One of the advantages of SAR
interferometry is that it can complement these limitations. Additionally, the
SAR interferometry can measure volcanic movement in line of sight (LOS)
with a few centimeters accuracy and in an extensive area. The
investigation of volcanism using DINSAR technique reveals the magma
chamber system and migration of magma, volcanic inflation and deflation
and so on [S. Jonsson et al., 1999; P.A. Rosen et al., 1996; S. Yun et al.,
2006]. Therefore, SAR interferometry has been evaluated as a powerful

method to measure the volcanic phenomena.

1.2. Atmospheric phase delay in INSAR

INSAR measurement usually contains several diverse error factors
such as phase noise, baseline errors, DEM errors, and atmospheric phase
delay [R. Hassen et al., 1999]. Therefore, careful interpretation is
necessary in interpreting interferogram. The atmospheric phase delays are
generated when microwave propagates into the atmosphere, which could
seriously contaminate differential interferograms. Atmospheric phase
delays can have 10-14 cm errors in deformation measurement by a 20%
spatial or temporal change in relative humidity [H.A. Zebker et al., 1997].

Thus, atmospheric effect should be taken into account for monitoring of
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accurate deformations. The mitigation of atmospheric phase delay in
INSAR and DInSAR is one of the issues to be solved for generating the
DEM and measurement of ground deformation.

In order to minimize atmospheric phase delay, many researches
exploited and developed atmospheric correction techniques. These
atmospheric correction technigques can be categorized into several groups.
The first group uses the phase information in SAR images and geometric
data. The isolation of atmospheric effect from deformation is easy where
deformation occurs far from a summit of volcano because the stratified
atmospheric phase delay effects correlate with its height [F. Beauducel et
al., 2000]. However, in the case that major deformation is observed around
a summit, an extraction of deformation is more difficult because
atmospheric effects are likely to be correlated with deformation in time.

The second group corrects the differential interferograms using
auxiliary dataset such as multi-spectral and meteorological data. [Z. Li et
al., 2005] proposed a method for correcting atmospheric effects using
Medium Resolution Imaging Spectrometer (MERIS) data and Moderate-
Resolution Imaging Spectroradiometer (MODIS), which are onboard
ENVISAT. Thus, the acquisition time of ASAR is coincident to that of
MERIS. It means that the retrieved water vapor from MERIS can represent
the microwave propagation delay. As a result, this technique was able to

mitigate the atmospheric phase delay effect in DINSAR. The main
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advantage in this approach is the MERIS data are independent to SAR
images. It represents that the atmospheric phase delay effect involved in
individual Differential Interferograms can be corrected. The limitation of
this method is the lack of multi-spectral data to retrieve the water vapor in
the atmosphere. The water vapor retrieval algorithm of MERIS is sensitive
to the presence of cloud. The cloudy area is impossible to estimate the
water vapor information and only a few differential interferogram could be
mitigated. Additionally, atmospheric correction method using MERIS is
applicable only to ASAR differential interferograms due to different
acquisition time of satellites. Another approach for atmospheric correction
is the method using weather forecasting model such as MM5 or WRF [J.
Foster et al., 2006; G.Nico et al., 2011]. Meso-scale weather forecasting
model calculate and re-simulate the atmospheric condition based on the re-
analysis data. Depending on the accuracy of model and input data, the
reliability of the calculated atmospheric conditions is determined. It is
possible to simulate the water vapor contents, pressure and temperature etc.
regardless of cloud presence. Even though the model results relevant to the
cloud cover might be inaccurate, the influence on the atmospheric phase
delay is applicable [H.A. Zebker et al., 1997]. However, model results
should be estimated for atmospheric correction because of accuracy of
their results. Numerous researches can yield successful results using WRF

model.



In contrast to above methods, without external data for atmospheric
correction, statistical methods such as Permanent Scatterers SAR
Interferoemetry (PSINSAR) and Small Baseline Subset algorithm(SBAS)
exploit the main properties of deformation, DEM errors, noise and
atmospheric phase delay effect [A. Ferretti et al., 2000; P. Beradino et al.,
2002]. The main idea to isolate the atmospheric phase delay effect from
ground deformation is that the atmospheric phase delay effect is usually
randomly generated while the ground deformation is correlated in time.
Thus, the uncorrelated atmospheric phase delay effects are possibly
mitigated by spectral filtering. However this assumption is not always
valid because the seasonality of atmospheric condition could be left. In
this case, residual of the atmospheric phase delay effect can be interpreted

as deformation.

1.3.  Objectives of this research

In this research, the atmospheric correction techniques will be
evaluated in the individual differential interferogram generated by ALOS
PALSAR data using multispectral data. Until now, only ENVISAT ASAR
Interferograms were corrected using MERIS and MODIS data. This
technique is applicable to only ENVISAT ASAR differential interferogram.
Thus, for atmospheric correction in ALOS PALSAR differential
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interferogram, new approach is necessary. Thus, atmospheric correction
technique will be proposed and evaluated.

Secondly, the atmospheric correction technique using meso-scale
weather forecasting model will be applied. In this research, Weather
Research and Forecasting model (WRF) is the next generation model after
MMB5. This research aims to simulate the atmospheric phase delay using
WRF model and evaluate its capability in volcanic area.

Thirdly, the properties of the atmospheric phase delay in time series
analysis of differential interferograms will be investigated. The multi-
temporal atmospheric phase delay simulation using WRF model can
explain how much the atmospheric phase delay contaminates the ground
deformation resulted from time-series analysis and might propose new
approach to mitigate more realistic atmospheric phase delay.

Finally, the ground deformation in volcano region will be measured
using atmosphere corrected time-series analysis. Through a
methodological comparison between conventional time-series analysis and
atmosphere corrected time-series analysis, ignored errors in conventional

time-series analysis will be reconsidered and corrected.
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2. The theoretical basic of SAR interferometry

and time-series analysis

2.1. SAR Interfeometry

2.1.1. Brief description about SAR Interferometry

SAR Interferometry utilizes the phase information of two satellite
images which observe the same area from slightly different angles. The
microwave transmitted from the radar reaches scatterers on the ground and
comes back to the radar. The phase difference of each target introduces
different delay. This implies that phase information is related to the
distance between targets and radar. However, the signal of phase is
periodic and should be expressed by the integer multiple of the wavelength.
It means that the recorded phase in SAR images is a last fraction of the
two-way distance and always smaller than the microwave wavelength.
This can be achieved at same time or different time by repeated orbits of
the same satellite. The former is the case the radar sensor is mounted on
the same platform and the latter is usually performed in general satellites
such as ERS-1,-2, ENVISAT, ALOS, TerraSAR-X, etc. For the latter case,
time intervals are various depending on the platform.

The repeat pass SAR interferometry is suitable for space-borne SAR
99 :._i o 11



system since the installation is restricted in satellite platform. Because
technically the satellite cannot be at the same position, the baseline
between acquisition positions is induced. These different look angles of

different positions generate the topographic information.

2.1.2. Geometric configuration of INSAR

Fig. 1 demonstrates the geometry of INSAR. The M and S is the
master and the slave position, respectively. If there is only one dominant
scatterer in each resolution cell, the complex values of SAR images can be

decomposed into amplitude and phase using

yu = lymlexp(du) ys = lyslexp(jps) (D

where 1y, and ys are the master and slave complex images,
respectively. ¢,, and ¢sare the phase of master and slave images.
After resampling the slave SAR image corresponding to the same
location in the master SAR image, complex conjugate multiplication
yields the complex interferograms.
ymYs® = lymllyslexp((du — ¢s)) (2)
The actual phase values involve the distance information and

scatterer’s phase contribution.

bou = — T + dum.scat
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Fig. 1. Geometry of Interferometric SAR. The master and slave SAR images are
marked with M and S. B, and B, are perpendicular baseline and parallel
baseline between two SAR satellites. Ryand Rg are the distance between
the radar and the target in master and slave respectively. © and 0, are

incidence angle in respect to target on the topography and reference ellipsoid.
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2T 2Rg

bs = 2 + Psscat (3)

where R is the distance between the radar and scatterers on the ground and
Gscar 1S the scatterer’s phase contribution. If the conditions of the targets
do not change, the characteristics of each scatterer can be assumed as
equal.

Pu.scat = Ps.scae 4)

So, the phase term of eq.2 can be rearranged into

41mw(Rp—Rs) _ 4TAR

Pu — s = — T : )

If the ray of microwave is parallel, geometrically speaking, AR can

be approximated as the following equation.

AR = Bsin(6 — a) (6)
¢ — _ 411'Bsir;(6—a) (7)

where ¢ is interferometric phase, B is baseline between master and slave
position, 6 is the look angle. This equation contains the phase

contribution of topography and reference surface.

2.1.3. Phase contribution of topography and reference ellipsoid

Interfeometric phase can be decomposed into the topographic
contribution and reference surface contribution using physical phase
observation and geometric configuration. The phase contribution of

reference ellipsoid can be expressed as the following equation.
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$o = — = Bsin(6 — ) ®)
where B is the baseline and 6, is the incidence angle in respect to the
reference ellipsoid. The relation of incidence angles in respect to the
reference surface and topography yields 66 = 6 — 6,. Eq.8 explains only
phase contribution of reference ellipsoid. The extraction of topography
phase can be obtained by subtracting the reference phase contribution from
the observed phase. For the sake of simplicity of calculation, eq.7 can be
rearranged as follows.
¢ = —= Bsin(8; + 60 — ) 9)
As a result, topographic phase contribution is found by combining eq.8
and eq.9.
Dfiat =P — o = —%B[sin(@o + 680 —a) —sin(6, — a)]
= —‘;—”Bcos(ﬂo - a)69=—47n% (10)
This equation expresses the topographic phase contribution in which
INSAR is proportional to the perpendicular baseline. Thus, interferograms
generated from pairs with long perpendicular baseline have more fringe
patterns in topography than that with short perpendicular baseline.
Technically, the above procedure is called “flattening”.
By inserting 2m into ¢gqe, the sensitivity of topographic phase
contribution (height ambiguity) can be achieved. It represents the height
difference corresponding to a 2z phase shift.

A 1rsinfy

ha = - (1)
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Fig. 2. The complex interferogram with perpendicular baseline of 11m between
2007-01-07 and 2007-11-25 in Shinmoedake volcano. This interferogram

has the phase of the topographic contribution and ellipsoid.

Fig. 3. The complex interferogram with perpendicular baseline of 11m. This
interferogram has the phase of the topographic contribution after reference

surface contribution was removed.
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In general application for generation of DEM, the long perpendicular
baseline is preferred because the number of the induced fringes from
interferograms with long baseline is more than from the interferograms

with short perpendicular baseline, if the unwrapping errors are ignorable.

2.2. Differential SAR Interferometry

2.2.1. Deformation measurement

Differential SAR Interferometry (DINSAR) aims to measure ground
deformation. If ground deformation occurred in the region of interest, eq.7
can be rearranged as following:

¢ = —={Bsin(6 —a) +d} (12)

For measuring ground deformation, topographic phase contribution
needs to be simulated with the knowledge of its topography. There are
several approaches to generate a differential interferogram. The first is that
a topographic contribution removal is performed with an external elevation
model such as SRTM and GTOPO [Massonnet et al., 1993]. The second
method is the three-pass DINSAR [Zebker et al., 1994]. Topographic
contribution is generated using the interferogram generated from the

topographic pair with ignorable ground deformation. This topographic pair

has to have sufficient coherence and sensitivity of height. In the case of the
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three pass DINSAR, baseline should be scaled before subtracting the
topographic pair from the deformation pair. The third method is the four-
pass DINSAR. Basic concept of this method is the same as the three-pass
DInSAR. The topographic pair with no expected ground deformation and
the deformation pair with distinct ground deformation need to be selected
based on the information of time span and coherence.

Basically, phase contributions involved in differential interferogram
can be explained by

¢diff = ¢defo + ¢DEM error + ¢orbit error + ¢APS + ¢noise (13)

Master Slave
First Scene Second Scene

LR PN

Deformation Map

Fig. 4. A schematic figure of differential interferogram in volcano activities
monitoring. The repeat pass interferometry uses phase shift information
between the master and slave SAR acquisition time. The phase difference is
associated with the ground deformation induced by the volume change of

magma chamber.
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where ¢qer, is ground deformation, ¢ppy error IS topographic error,
¢aps IS atmospheric phase delay effect, @, pir error 1S Orbital estimation
error, and ¢,,,;s. IS NOISe error.

Generally speaking, the deformation contribution in differential
interferogram is more sensitive than the topographic error contribution.

Both contributions in differential interferograms can be expressed as

following.
41 Bioherr
PpEM error = _7”:501-—7190 (14)
4
Paero = — > d (15)

Under the assumption that the topographic error is below 10m,
GpEM error K Paero because r is much larger than B,,. Therefore,
differential interferometry is valid to measure ground deformation and

DEM error can be minimized with short perpendicular baseline.

Deformation Error (m)

E’rp ‘
Ny, 10007 : =
Yee,, = B
o I = ¢ e
00 15 DE“E“G

&,
a;eii’)ef
m)

0 g

Fig. 5. The deformation error induced by DEM error. The deformation error is larger

in differential interferogram as perpendicular baseline is long and DEM error is large.
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2.2.2. Atmospheric phase delay

The atmospheric phase delay of microwave is the main limitation in
the measurement of ground deformation using differential interferogram.
The refractivity of microwave in air can be written as [E. K.Smith, and S.

Weintraub ,1953].

_ 1
109¢0s0p,

AL, s {k1§+ (kg§+ ks T—Z) — 403 % 10722 + 1.4W} (16)
where AL, is the total atmospheric delay, 6;,. is the incidence angle of
incoming ray. P, T and e is air pressure in hPa, air temperature in Kelvin
and partial water vapor pressure of the atmospheric column in hPa,
respectively. n, is electronic number density per cubic meter, f is the radar
frequency. W represents the liquid water contents in g/m3. The constant
values k; = 77.6KhPa~! |, k, = 23.3KhPa~! and k; =3.75 x 10°
K? hPa~! are used [E.K.Smith, and S.Weintraub, 1953]. Above equation
explains different components which induce the atmospheric phase delay
effects. The first component represents hydrostatic term which depends on
dry parameters of the atmosphere such as temperature and air pressure.
The second component means wet delay, atmospheric phase delay due to
precipitable water vapour. The third component is phase delay in
ionosphere. The third component represents liquid delay induced by

atmospheric liquid water content. The tropospheric phase delay i.e. wet

delay, hydrostatic delay and liquid water delay is independent of the
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frequency while the ionospheric delay is a function of the frequency of
microwave.

The precipitable water vapour is the main parameter of wet delay
terms. The precipitable water vapour can be defined as

PWV = i [ ppdh (17)

where p; is the density of liquid water (1073 kg/m3), and p, is the
density of water vapour.

The wet delay term in eq.16 can be expressed by

e = p,R,T (18)

1
106c0s60inc

' 1
ALyera = poRy (K} + by —) PWV (19)
M
where R,=461.524 J/K kg and T,, is weighted temperature of the column.
This equation denotes that left part of the wet delay term could be regarded
as a typical constant [Bevis et al., 1994].
_ 1 , 1
N == pR, (ks + ks ﬁ) ~ 6.5 (20)
Therefore, the wet delay term can be simplified as
_6.5PWV

ALyeta=——— (21)

cosOinc

lionspheric delay can be approximated by

1 K
ALionoa = Tgecosor 7z L EC (22)
TEC = ;‘—2 (23)

where AL;,,,.q4 1S iononspheric delay in meters, f is the frequency of the
microwave and TEC is total electron content. The K is -40.28m3/s?

[Jakowski et al., 1992]. The ionospheric delay in L-band of ALOS
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Fig. 6. A schematic figure of tropospheric classification using phenomenal
cahrateristics in differential interferogram. (a) the turbulent atmospheric
phase delay is uncorrelated with geometry (b) the stratified atmospheric

phase delay is usually found at the mountain.
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PALSAR yields approximately —2.4974x10-7 TEC. However, in
differential interferogram, identical TEC at the same local time is canceled.
Therefore, this effect normally can be ignorable [Hassen et al, 1999].

In most cases, the wet delay term is the most important source of
errors in differential interferogram rather than other terms. The liquid
water delay and hydrostatic delay reach only sub-millimeters and a few
millimeters. Therefore, the accuracy of the atmospheric delay dominantly
depends on the knowledge of the qualified precipitable water vapor.

Another approach to decompose the atmospheric phase delay uses
phenomenal characteristics. Tropospheric effects can be classified into two
groups in InSAR; one is the phase delay caused by turbulence and the
other is different stratified troposphere [Hassen et al, 1999]. Turbulent
atmospheric phase delay is independent to geometry while atmospheric
phase delay effects caused by stratified troposphere usually appear as a
function of height. Therefore, turbulent atmospheric phase delay randomly
occurs in space. In the case of stratified atmospheric phase delay, different
vertical refractivity induces the localized atmospheric phase delay

especially in the mountain (Fig.6).

2.2.3. Coherence and decorrelation

The coherence y between two SAR images is defined as
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y = —IE3)
VE(y1PIE(y2 %)

<y<1 (24)

where E is the ensemble average operator and y,and y, are the complex
value of SAR images. The coherence can be used as a measure of quality
of interferometric phase in each pixel. The change of the surface
characteristics is the main cause of the loss of coherence. By using this
property of coherence, the change detections and classification of
scatterers were performed in applications into earth sciences [J.G.Liu et al.,
2001; J.G.Liu et al., 2004; J. Askne and J.O. Hagberg, 1993].

Several factors causing the decorrelation can be distinguished into 1)
baseline and geometric decorrelation (y,...,) induced by slightly different
incidence angle, 2) Doppler centroid decorrelation (yg4p,), 3) volume
decorrelation (y,,;) caused by multiple scattering signal, 4) thermal noise
decorrelation (¥¢nermar), 5) temporal decorrelation (y;emp) Caused by
change of characteristic of scatterers and 6) processing decorrelation
(Vproce)- The total decorrelation possibly involved in interferograms can be

expressed by the following equation [Zebker and Villasenor, 1992]:

Ytotai = ygeom X Ydop X Yvou X Ythermal X Ytemp X yproce (25)
2.3.  Time-series analysis

In traditional differential interferograms, long time ground
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deformation is hardly measured due to temporal decorrelation. Time-series
analysis aims to overcome the limitations of traditional differential
interferograms and estimate ground deformation accurately. Additionally,
time-series analysis utilizes multi-baseline and multi-temporal differential
interferograms in order to estimate the diverse errors such as DEM error,
orbital error, random APS, and noise. The widely used time series analysis
approaches are Persistent Scatterer Interferometry (PSInNSAR) and Small
Baseline Subset algorithms (SBAS) [A. Ferretti et al., 2000; P. Beradino et

al., 2002].

2.3.1. Persistent Scatterer Interferometry

PSINSAR uses persistent scatterers which are less affected by
temporal decorrelation and exhibit stable coherence over a long time
interval, such as the artificial structures. The most important procedure in
PSInSAR is the selection of persistent scatterers (PS). A general PS
selection method can be carried out with the dispersion index (Da) [A.

Ferretti et al., 2001]. Da can be defined as

D, =2 (26)

mgy

where m, and o,are the mean and standard deviation of the amplitude
value of complex SAR images. The numerical experiment about Da shows

that the phase can be stable in low Da values and PS candidates are
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selected under a threshold (typically Da <0.25).

However, this approach might be limited for human-made structures
since most PS candidates are located in urban regions. To complement this
limitation, other considerations were added into the PS selection method.
Stanford Method for Persistent Scatterers (StaMPS) algorithm focuses on
natural targets of which phase value are stable in time with low SNR (high
Da). For exploitation of these scatterers, StaMPS suggested the additional
procedure i.e., phase stability analysis and phase noise computation with
the relatively high Da. (typically Da<0.4) [A. Hooper, 2006]. Another
approach for PS selection of natural targets were suggeted in SqueeSAR.
SqueeSAR algorithm find distributed targets using DespecKS algorithm

[A. Ferretti et al., 2011].

2.3.2.  Small Baseline Subset

The main idea of SBAS is the generation of differential
interferograms which have small perpendicular baseline and linking
separated differential interferograms. SBAS uses the properties that
geometrical decorrelation can be minimized in differential interferograms
when the difference of the incidence angles is extremely small.

The linking method is possible by generating the design matrix

A[ M x N] where M is the number of differential interferograms and N is
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the number of unknown factors i.e. phase values except at reference time.
Thus, differential interferograms set can be expressed as

Ap = 8¢ (28)
where ¢ is the phase value at SAR acquisition time, ¢ is a differential
interferograms set. For example, if §¢; = ¢35 — ¢, 5¢, = ¢p, — ¢4, and

63 = P53 — ¢y, Awould have the following form:

0 -1 +1 0
_|-1 0 0 +1
A= 0 0 +1 O (29)

To solve eq. 28, the rank of matrix is the remaining problem in making an
inverse matrix of A. The singular value decomposition can decompose A
matrix into

A=USVT (32)
,and its pseudo inverse matrix is

At =VStuT (33)
To connect the phase value at separated time and avoid discontinuity in
cumulative deformation, deformation should be converted to velocity and

time parameters.

T — [y, = P2 —_ v
v = [vl = NS tN_tN_l] (34)
The eq.28 can be rewritten as

Bv= 8¢ (35)

If deformation model in time is valid, the model parameter p can be

inserted eq 35.



v= Mp (36)

BMp = 8¢ (37)

2.3.3. Processing algorithm

After selecting PSs in PSINSAR and unwrapping of small baseline
subset in SBAS, interferometric phases are exploited using the properties
of several contributions. (eq.13) Even though the processing step might be
different, the basic idea is similar.

» Basic concept to estimate residual of topographic contribution

(DEM error) is proportional to the perpendicular baseline.

_ 4'_7T BJ.Oherr (38)

¢DEM error — 2 Tsin90

»  Orbital error can be expressed by
Porbit error = al" + P& + " (39)
where a[K x 1] is a constant phase value, p; [K x 1] and p, [K x 1] is
linear phase components along the azimuth ¢ [Hx1] and range n [H x1],
repectively, induced by the APS and orbital errors B [K x 1].
»  Deformation is written by
baefo = Tv" (40)
where T is time vector and v is velocity matrix.
« The isolation of APS from deformation can be done using the

assumption that APS is not correlated while deformation has correlation in
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time. Thus, low pass operator in time is one of the methods for estimation

of APS.
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Table. 1. Comparison of conventional DINSAR, PSInSAR, and SBAS

Conventional
DInSAR

PSInSAR

SBAS

Atmospheric

error

Perpendicular

baseline

Master

Pixel selection
method

Temporally

No reduction uncorrelated APS

reducution
No limitation
Shorter is better below critical
baseline
Depending on
. One master
interferogram
Dispersion index
coherence and additional

approaches

Temporally

uncorrelated APS

reducution

Shorter is better

Depending on

interferogram

coherence
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Fig. 7. Flow chart of Persistent Scatterer Interferometry (PSINSAR) and Small Baseline Subset algorithm (SBAS)
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3. Study area and dataset

3.1. Study area

Mt. Shinmoedake, located in Kagoshima prefecture in Kyushu, Japan,
is a part of the Kirishima cluster of volcanoes (Fig 8). Small scaled
volcanic activities in Mt. Shinmoedake have been continued consistently.
In 2008 and 2011, relatively large eruptions were observed. There is no
eruption of magma in 2008, and only white smoke was detected while the
accumulation of lava in its crater and massive volcanic ash were observed
in 2011. According to the report of Japan Meteorological Agency (JMA),
ground deformation in Shinmoedake volcano was not observed in 2008,
and reached 3~4 cm in 2010 [/ 111 JO TG B R R0 &R 2011]. Thus,
the atmospheric effect in this region seems to be of the same scale to the
possible inflation of volcano caused by volume changes. Therefore,
reducing the atmospheric effect is vital to measure ground deformation

accurately.
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Fig. 8. Topographic map of Shinmoedake volcano. Yellow squares are the locations of

the GPS stations. Red circle is the location of a radiosonde station.
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3.2. Data

3.2.1. SARdata

19 ALOS PALSAR FBS data and 2 ALOS PALSAR FBD data were
acquired in descending orbits over Shinmoedake around 1:45 UTC. ALOS
scene covers approximately 75 km x 85 km from Jan 2007 to Apr 2011
(Table 2). L-band (1.27GHz) ALOS PALSAR data are relatively
unaffected by temporal decorrelation. Thus, these data are appropriate to

generate differential interferograms.

3.2.2. MODIS data

The Moderate Resolution Imaging Spectroradiometer (MODIS) installed
on Terra and Aqua of NASA is an effective way to monitor the water vapor
distribution in the troposphere. The retrieval algorithm for total
precipitable water product (PWV) relies on observations of water vapor
attenuation of near—infrared solar radiation (0.905, 0.936, and 0.94 )
reflected by Earth’s surfaces [Y. J. Kaufman, et al., 1992]. The total
precipitable water vapor products are provided in MODO05 L2 (TERRA)
and MYDO05_L2 (AQUA) with which the level 2 data are generated at the

spatial resolution of 1 km. Although the resolution of the water vapor
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product is relatively lower than that of ALOS, it can be used in the
correction technique because the atmospheric effect extends over several
kilometres. In this research, the MODIS data acquired within an hour of

each of ALOS data were used.

3.2.3. WRF model data

The weather forecasting and research model (WRF model) is
developed by National Center for Atmospheric Research (NCAR),
Mesoscale and Microscale Meteorology Division and the National Centers
for Environmental Prediction (NCEP), National Oceanic and Atmospheric
Administration (NOAA). The WRF model is able to implement various
meteorological parameters such as pressure, water mixing ratio,
temperature, liquid water mixing ratio. In this study, the Advanced
Research Weather and Forecasting Model, version 3.4, was setup. The
NCEP final analysis (FNL) data were used as initial and time-dependent
boundary condition data. The two way nested domains procedure were
carried out at 27-, 9-, 3-, 1-km horizontal resolution. Among these
domains, the 1 x 1 km resolution data were used in calculation of
atmospheric delay. The top of the atmosphere of this setting model is 50
hPa and a total of 31 vertical levels were processed. Starting 6hr prior to

the SAR acquisition time, 12-h simulations were conducted.
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Table 2 ALOS PALSAR dataset used in this study from Jan. 2007 to Apr. 2011

Number DATE(UTC) TIME (UTC time)
1 2007-01-07 1:46 AM
2 2007-11-25 1:45 AM
3 2008-01-10 1:45 AM
4 2008-02-25 1:44 AM
5 2008-04-11 1:43 AM
6 2008-05-27 1:42 AM
7 2008-07-12 1:42 AM
8 2008-11-27 1:45 AM
9 2009-01-12 1:45 AM
10 2009-04-14 1:46 AM
11 2009-05-30 1:47 AM
12 2009-08-30 1:47 AM
13 2009-10-15 1:47 AM
14 2009-11-30 1:47 AM
15 2010-01-15 1:47 AM
16 2010-03-02 1:47 AM
17 2010-12-03 1:44 AM
18 2011-01-18 1:43 AM
19 2011-03-05 1:42 AM
20 2011-04-20 1:41 AM
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Table 3. The MODO05_L 2 dataset used in this study.

Number DATE(UTC) TIME (UTC time) Cloud cover
1 2007-01-07 2:50 AM Partly Cloudy
2 2007-11-25 2:40 AM Cloud free
3 2008-01-10 2:50 AM Cloudy
4 2008-02-25 1:25 AM Cloudy
5 2008-04-11 1:40 AM Cloud free
6 2008-05-27 1:50 AM Cloud free
7 2008-07-12 2:05 AM Cloudy
8 2008-11-27 2:40 AM Cloudy
9 2009-01-12 1:45 AM Cloudy
10 2009-04-14 1:40 AM Cloudy
11 2009-05-30 1:50 AM Cloudy
12 2009-08-30 2:15 AM Cloudy
13 2009-10-15 2:25 AM Cloudy
14 2009-11-30 2:40 AM Cloudy
15 2010-01-15 2:50 AM Cloudy
16 2010-03-02 1:25 AM Cloudy
17 2010-12-03 2:40 AM Cloudy
18 2011-01-18 2:50 AM Cloudy
19 2011-03-05 1:25 AM Cloud free
20 2011-04-20 1:40 AM Cloud free
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Table 4. WRF setting parameters.

WRF Model

In This Study

Reanalysis data

Spatial Resolution of
WRF simulation

Land Use

DEM

FNL data (6h data)

27km, 9km, 3km, 1 km

MODIS Land Use

SRTM DEM (90m)
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4. Atmospheric Correction in Individual

Differential Interferograms
4.1. Differential SAR Interferometry

The raw SAR data were focused to single look complex images. For the
estimation of the baseline of each pair, the orbital location and FFT
method were used [K. Zhang et al., 2009]. Interferogram dataset were
selected based on the perpendicular and temporal baseline of each pair.
After removing the phase effects of the topography and ellipsoid, adaptive
Goldstein filtering were applied. The masking criteria were chosen based
on the coherence maps. In several differential interferograms, the
decorrelated areas were masked out. Unwrapping procedure was processed

using the minimum cost flow algorithm [M. Costantini, 1998]. (Fig. 9)

4.2.  Atmospheric Phase Delay Effects Simulation

4.2.1. Atmospheric Phase Delay Simulation using MODIS Data

In order to simulate atmospheric phase delay effect from MODIS data,

available dataset should be identified. The MODO05 L2 and

50 3_-5



Fig. 9. Differential Interferograms
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MYDO5_L2 offer the information about precipitable water vapor (PWV)
in the atmosphere. Precipitable water vapor is the dominant component to
microwave delay. Thus, PWV data was converted to atmospheric phase
delay effects. Fig. 10 describes the procedures to convert to atmosphere
phase delay effects. First of all, the region of interest should be selected
based on the coordinate of each pixel. The MODO05_L2 and MYDO05_L2
have their own latitude and longitude coordinate information, however, the
number of pixels is different from the PWV information. The PWV data
have 2030 x 1354 pixels while the number of the geometric coordinates
involved in MODO5 and MYDO05 is 406 x 270. MODO03 and MYDO03
provide geometric information in 1 km x 1km spatial resolution (2030 x

1354). More accurate geocoding procedure is possible if only using

. E110° E120° E130°

Stripe noise reducing
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MODO03 and MYDO03. The next step is removing the stripe-shaped noise of
MODIS. The stripe-shaped noise is induced by the radiometric calibration
error. Since ALOS PALSAR covers broad areas, small noise may affect
significant phase shift in interferograms. Until now, several techniques
were suggested for removing the stripe noise in data, such as histogram
matching, Fourier transform, and moment matching. In this study, Fourier
transform method was used for removing noise because the stripe noises
are periodic and have certain frequencies that are identifiable. After this
procedure, whether the selected data are reliable or not should be
determined. When clouds are present, data tend to overestimate the
amount of water vapor and this error yields uncorrelated fringes with real
atmospheric effects in DINSAR. Thus, the cloud area should be masked
out using cloud mask data. Under cloud free condition, PWV images need
to be coregistrated to SAR scenes. PWV data contain only water vapor
amount, thus, conversion procedure is necessary (Fig. 10). Precipitable
water vapor can be inverted to zenith path delay [Z. Li et al., 2005].

Corresponding equations can be described as follows,

zw k5. R

— D —
M =0y =107 py - (ky + 229 - (41)
1 _ 1708.08
I~ =0.10200 + E— (42)

where ZWD is zenith water vapor delay, PWV is precipitable water vapor,
[T is conversion factor, p,, iswater density, T,, represents weighted mean

temperature in the troposphere and k2’ k3’ are the refractivity constant.
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Fig. 11. Precipitable water vapor from MODIS data at 2007-11-25, 2008-04-11,

2008-05-27, 2011-03-05, and 2011-04-20
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Fig. 12. Estimated atmospheric phase delay from MODIS data
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It is possible to calculate how much atmospheric water vapor affects in
differential interferograms using the difference between two ZWDs

corresponding to SAR images (Fig. 12).

4.2.2. Atmospheric Phase Delay Simulation using WRF Model

The WRF model is able to implement pressure, water mixing ratio,
temperature, liquid water mixing ratio and so on at 27-, 9-, 3-, and 1-km
horizontal grid resolutions at desired time. Simulation procedures of the
meteorological conditions were carried out at 1-km grids. Theses
meteorological parameters resulted from the WRF model can be directly
used in a simulation of wet delay and hydrostatic delay in atmospheric

phase delay effects by using

__©or
€= 0.622+0Q (43)
1 H P ;e e
ALq = 106c050inc fO {kl T + (kz T + ks F)} (44)

where Q is water vapor mixing ratio (g/kg), AL, is the total atmospheric
delay, 6;,. is the incidence angle of ray. P, T and e is air pressure in hPa,
air temperature in Kelvin and partial water vapor pressure of the
atmospheric column in hPa, respectively. The constant values of
k, =776, ki =233 , ks;=3.75 x10° are used [Askne and
H.Nordius, 1987]. Above equation explains the different components
which induce atmospheric phase delay effects. The first component

represents the hydrostatic term which depends on the dry parameters of the
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Fig. 15. Time series of the integrated precipitable water vapor (IPWV). The IPWV

derived from the radiosonde data have a good agreement with that from the

WRF model predictions.
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Table. 5. Correlation coefficient and RMS error between vertical profiles of the

radiosonde and WRF model

Correlation
Date RMS error
Coefficient
2007-11-25 0.9670 0.5471
2008-01-10 0.8544 1.4333
2008-02-25 0.8281 1.2875
2008-04-11 0.8322 1.3235
2008-05-27 0.9461 1.2427
2008-07-12 0.9590 1.7693
2008-10-12 0.9344 1.5202
2008-11-27 0.9424 0.9297
2009-01-12 0.9659 0.2658
2009-04-14 0.9534 1.7539
2009-05-30 0.8408 2.2312
2009-08-30 0.9600 1.7170
2009-10-15 0.9281 0.8855
2009-11-30 0.8870 1.0119
2010-01-15 0.9235 0.5983
2010-03-02 0.4145 3.1062
2010-12-03 0.9300 2.3012
2011-01-18 0.8647 0.7202
2011-03-05 0.9149 0.7119
2011-04-20 0.9191 0.6243
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atmosphere such as temperature and air pressure. The second component
means wet delay, atmospheric phase delay due to precipitable water vapor.

One advantage in using the WRF model is that it reflects realistic
amount of water vapour regardless of cloud conditions unlike MODIS
products. The limitation in using MODIS data were the lack of quantity of
available data sets due to cloud coverage. However, it is possible to
simulate meteorological conditions without cloud conditions in the WRF
model.

In order to determine the accuracy of model results derived from
WRF model simulation, a verification of the vertical accuracy is necessary.
The vertical profiles of radiozonde were acquired at 00 UTC and 12 UTC
every day. One radiozonde station (47827 Kagoshima Observations, Fig.8)
is located in Kagoshima. It is reasonable that the collected radiosonde data
reflect realistic and reliable conditions and could be used in the evaluation
of the model simulations. The comparison of the atmospheric profiles of
radiosonde data and those of the WRF model results in 2009-01-12 and
2009-08-30 shows the highest correlations (Fig. 14, Table5). The
simulated integrated precipitable water vapour (IPWV) from the WRF
model also has a capability of predicting the seasonality in this study area
(Fig. 15).

Unfortunately, the comparison at other stations was not possible

because there was only one radiosonde measurement station in the
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coverage area of SAR data.

4.3. Results

4.3.1. Atmospheric correction using MODIS data

Unfortunately, the atmospheric correction using MODIS data was not
sufficient for mitigation of all of the differential interferogams due to
cloud cover. The qualified atmospheric correction was limited in a few
differential inteferogram. Fig.16 shows the results after the correction of
atmospheric phase delay effects.

The fringe patterns in differential interferograms were present around
Krishima cluster (Shinmoedake). However, it is not easy to determine
whether the fringe patterns represent the deformation by volcanic activity
or errors, especially atmospheric phase delay, without fully understanding
this volcano. The converted values of the atmospheric phase delay from
precipitable water vapor in MODIS products show similar fringe patterns
with differential interferograms around Kirishima cluster. Thus, the
atmospheric information from MODIS can provide phase delay due to
water vapor. The effects of water vapour are various depending on the
acquisition time.

In case of the differential interferogram between 2008-05-27 and_I2011-03-
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05, the volcano inflated about 4 cm in the west of Karakunidake volcano
with respect to the reference area (Fig. 16 Al). In Kirishima city, the
undefined inflations were observed as well. The calculation of APS using
MODIS data represents that the fringe patterns misinterpreted as the
subsidence is present over Kirishima volcano cluster. After the correction,
the fringe patterns are connected and distinct 4 cm inflation was measured
in Karakunidake volcano and the inflations in Kirishima city were reduced
(Fig. 16 A3).

Similar physical phenomena were found in the pair of 2008-05-27
and 2011-04-20 (Fig.16. B). Before the correction, the inflation in
Kirishima city was present as well as in 2008-05-27 and 2011-04-05 while
after the correction, these fringe patterns were mitigated. This implies that
the inflation in Kirishima city might be artificial errors induced by
atmospheric phase delay. It is worth noting that the distinct atmospheric
phase delays calculated from MODIS data acquired at 2008-05-27, 2011-
03-05, and 2011-04-20 are present in Kirishima city and the altitude of this
region is relatively low. Therefore, this region is normally affected by the
stratified APS. In Kirishima volcano, the stronger inflations (~ 5cm) were
observed in the pair of 2008-05-27 and 2011-04-20 rather than in the pair
of 2008-05-27 and 2011-03-05.

Based on this observation, ground deformation can be interpreted as

the followings. 1) Ground inflates about 4~5cm with respect to 2008-05-
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27. 2) Ground still inflated after the volcanic eruption. However, it does
not mean that the deflation is not occurred after the eruption because this
estimation tells only the ground deformation at the slave acquisition time
with respect to the master acquisition time. 3) The inflation in Kirishima
city is induced by APS.

Technically, the atmospheric correction using MODIS data can
possibly mitigate the APS in differential interferograms. However, the lack
of available dataset is the limitation in application of this technique due to
cloud and different acquisition time between the MODIS data and SAR

data.
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Fig. 16. Atmospheric correction using MODIS data. A.1. the uncorrected unwrapped differential interferogram from pair of 2008-05-27 and 2011-03-05 A.2.
the atmospheric phase delay simulation using MODIS data A.3. the atmosphere corrected differential interferogram B.1. the uncorrected unwrapped
differential interferogram from pair of 2008-05-27 and 2011-03-05 B.2. the atmospheric phase delay simulation using MODIS data. B.3. the atmosphere
corrected differential interferogram
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4.3.2. Atmospheric correction using WRF model

For a spatial comparison, the simulated APSs from the WRF model
were compared to a differential interferogram which has small temporal
baseline (Fig. 18). Because the time interval of this interferogram is only
45 days, the assumption that the ground deformation is ignorable is
reasonable. Under the assumption that every fringe pattern comes from
APSs, the simulated APSs have to have high correlation with the
differential interferogram. Fig.18 shows the spatial distribution of APS in
each differential interferogram and the simulated APS. The results give
good agreements in the pairs of 2009-01-12 and 2009-04-14, 2009-08-30
and 2009-10-10, and 2008-02-25 and 2008-04-11. The distinct agreements
are usually found in the volcano, mountains, and Kirishima city. It means
that the stratified APS could be predicted using the WRF model. However,
several regions show disagreements. These errors can be explained from a
different spatial resolution and difficulties in simulation of the turbulent
APS.

The spatial resolution of the WRF model is 1 x 1 km while the multi-
looked differential interferograms are 28 m x 18 m. A reliable simulation
procedure using the WRF model is possible over 1 x 1 km nested domain.
Therefore, the spatially small scaled APS cannot be simulated using the

WRF model. The filtered differential interferograms can reflect the small-
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scaled and large-scaled APS. It means that differential interferograms
could reflect the meteorological condition of high spatial resolution.
Secondly, the WRF model predicts the meteorological conditions
using reanalysis dataset (6 h FNL dataset in this study), however, the
turbulent APS wusually occur randomly in time. The modeling of
meteorological data is a basis of the meteorological dynamics. Since the
WRF model use temporally less dense datasets, it might predict only the

temporal correlated meteorological conditions

— Differential Interferogram
2-

[ Atmospheric Phase Delay Effects
20090112-0090414

Fig. 18. Comparison of differential interferograms and simulated atmospheric phase
delay using WRF model. The selected differential interferograms have the 46 days

interval. So, the ground deformation can be ignorable.
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5. Atmospheric correction using time-series

analysis

To understand the volcanism, the change of magma storage,
migration and magma supply information are required. Time series
analysis of differential interferograms enables the identification of the
pattern of ground deformation. Generally, the Persistent Scatterers SAR
Interferometry (PSINSAR) and Small BAseline subset algorithm (SBAS)
have been applied to various phenomena [A. Ferretti et al., 2000; P.
Beradino et al., 2002].

SBAS algorithm basically utilizes only differential interferograms
which have relatively small perpendicular baseline to minimize
decorrelation. SBAS algorithm links differential interferograms using
singular value decomposition (SVD) and measures ground deformation.
The main idea to detect and remove the atmospheric phase component
from the time-series phase is similar as used in PSInSAR. PSInSAR, and
SBAS assume that the atmospheric phase delay effects exhibit a
significantly low temporal and spatial correlation. In this respect, both
algorithms mitigate the atmospheric phase delay effects using low pass
filtering in space and time. However, reconsideration of this assumption is
required, especially whether the atmospheric phase delay effects

uncorrelated in time or not. To identify the characters of the atmospheric
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phase delay effects, the residuals of the atmospheric phase delay effects
were estimated after SBAS algorithm and PSINSAR are applied. In this
study, StaMPS algorithm and the enhanced SBAS were applied to this

research.

5.1. APS estimation errors in time-series INSAR

After selection of the PSs in each differential interferogram and
unwrapping in StaMPS, each unwrapped differential interferogram can be
describes as following [A. Hooper, 2006]:

Guw = Paer + Patm + APorp + g + Ay (45)
where ¢, 1S unwrapped differential interferograms, ¢g4er iS ground
deformation. &aem, dGorp, P and Ad, are atmospheric contribution,
residual orbital ramps, DEM error and random noise, respectively. The
APS can be defined as the difference between the master APS and the
slave APSs. The master APS is involved in every differential interferogram.
To estimate the master contribution of APS and orbital ramp, low pass
filtering can be carried out because this contribution is involved in every
differential interferogram. After low pass filtering, the residuals of
differential interferograms consist of ground deformation and the master

contribution of the APS and orbital ramps.
LT{(,buw} ~ ¢def - ¢cTtm - Ad)g:”b (46)
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where LT is low pass filtering operator in time, and the superscript m
denotes master contribution to each term. In the master SAR images,
ground deformation could be set as zero and it yields the master
contribution of APS and orbital ramps. The slave contribution of APS and
orbital ramps can be obtained by subtracting the residuals of low pass
filtering from unwrapped differential interferograms.
buw — LT{Puw} = Parm + A5y + Ao + Ay (47)
Generally speaking, the spatial filtering can be an effective way to
alleviate noises in each differential interferogram because the noises are
present as a Gaussian distribution. As a result, eq.45 can be rearranged and
ground deformation can be estimated from subtracting the estimated errors.
Paer = Puw + iim — Parm — A5y — Ao — A (48)
where @M, and ¢S, ,are the estimated master and slave APS. A3, is
the estimated orbital errors in slave images. Adq is the estimated DEM
error.

However, the assumption about APS proposed in StaMPS might be
invalid because water vapor contents, pressure, and temperature have
seasonality and APS can be explained as the sum of correlated and
uncorrelated APS in time. Simple experiments for the estimation of
residual APS were carried out. On this purpose, differential interferograms
with only APS were generated from the estimated atmospheric phase delay

dataset from WRF model predictions. If the contribution of the residual
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APS do not exist or is ignorable, it should be mitigated after time-series
analysis such as PSINSAR and SBAS.

In Fig.19 and Fig. 20, the phase values represent the residuals of APS
after processing SBAS and PSInSAR algorithm, respectively. Basically,
the conventional time-series analyses estimate temporally uncorrelated
phases and define them as APS. Even though time-series INSAR
approaches were applied with the differential interferograms, the residual
phases remain and could be misunderstood as a ground deformation. In
other words, the residual APS can be misinterpreted as ground
deformation. Since the residuals are usually located in mountain i.e.
volcano, an assumption that the stratified atmospheric phase delay effects
are mainly associated with the residual APS is valid. The contributions of
the stratified atmospheric phase delay in differential interferograms
severely contaminate small scaled ground deformation at volcano. Eq.46

and eq.47 should be rewritten following after low pass filtering.
LT{¢uw} ~ d)def - d)(rﬁ:m - Ad)g?lﬂb + d)res.atm (49)

buw — LT{¢uW} = Patm — Pres.atm T APorp + Adg + Ady,  (50)

where ¢,05 qatm 1S residual APS in slave images.



Fig. 19. Residual APS after processing SBAS.
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Fig. 20. Residual APS after processing PSINSAR algorithm.




5.2.  Properties of APS in time and space

It is necessary to identify and measure what properties of APS vyield
the residual APS and how the residual APS affects the quality of
differential interferograms. For this, several scenarios were set; 1)
differential interferograms have only ground deformation, 2) differential
interferograms have ground deformation with the stratified APS, 3)

differential interferograms with ground deformation and the turbulent APS.

5.2.1. \olcanic deformation model

Ground deformation was modeled based on GPS displacement
measurement. The Japanese Meteorological Agency (JMA) has observed
the volcanic activities in Shinmoedake volcano using continuous GPS
stations. Three continuous displacement measurements located on
Shinmoedake volcano can be applied into this modeling. The volcanic
model enables the conversion from 3-dimentional displacement at one
point to 3-dimensional displacement over the area. Mogi model is an
effective model to simulate the ground deformation caused by volcanic
activities, since a few parameters such as volume change, depth, and
horizontal location of magma chamber are required [K. Mogi et al.,1958].

To model more distinct volcanic deformation, the six-month

]
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displacement measurements are used. Under the assumption that the
magma source is located beneath Shinmoedake volcano at 3.4 km depth,
the volume changes of magma chamber using GPS measurement were
derived. Mogi model can compute the horizontal and vertical displacement
caused by changes of hydrostatic pressures of a spherical source assuming

a homogeneous and semi-infinite elastic body.

Al = 3d

41rr3

Ah = 3f

4mr3 ’

(51)
where Ah and Al are the vertical and horizontal displacement, respectively.
The r is the distance between the source and the measurement point. f and
d are the depth of the center of a spherical source and the horizontal
distance from a spherical source to the measurement point, respectively.
AV is the volume change of a spherical source. By using singular value
decomposition of the x-, y-, z- direction displacements measured by 3 GPS
station, the volume changes were computed from 2007 to 2011. The
simulated x-, y-, z- direction displacements are converted to the line of
sight displacement corresponding to the SAR acquisition time. The model

results reflect the realistic nonlinear deformation in Shinmoedake volcano.

5.2.2. Decomposition of APS

The stratified atmospheric phase delay effects have relation with

height. The atmospheric decomposition of APS can be achieved based on
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the topographic information. Simply, the stratified APS can be obtained by
eq.52

bum =axXdem+b (52)
However, the topographic height in this study area varies from Om to
1700m. Naturally, the thick atmospheric stratification can be expected. For
better decomposition of APS, the validation of above equation is required.
Precipitable water vapor in columns was integrated at each height using
the wvertical profile of radiosonde. Fig.21 shows that the integrated
precipitable water vapor (IPWV) at each height can be expressed better as
a 2"-order polynomial of height than as a 1%-order polynomial in most
cases. Therefore, the estimation of the stratified APS of the WRF model
results can be decomposed using the following equation.

Gatm = a X dem? + b X dem + ¢ (53)

5.2.3. Model results

Every scenario was carried out using StaMPS. In each scenario, the
time windows were set as 2 years, 1 year, and 6 month for the temporal
weighted low pass filtering.

According to the model simulation results, as increasing the temporal
filter window size, the ground deformations are smoothed. It is hardly

recognized that the smoothed ground deformation by low pass filtering in
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time of 730 and 365 days are the same with the reference ground
deformation estimated from the deformation model. In Fig.22.b and
Fig.23.b, the turbulent APS was added to the simulated ground
deformation. As increasing the time window size, the residuals are
smoothed. It means that the turbulent APS randomly occurs at SAR
acquisition time and can be successfully mitigated with low pass filtering
as suggested in PSINSAR, SBAS method and stacking method if datasets
are sufficient for the turbulent APS to converge to zero. In contrast to the
turbulent APS, ground deformation is still affected by low-frequency of
the stratified APS by using only temporal low pass filtering because the
stratified APS is vertically variable and is not generated randomly, but
seasonal as in Fig.22.c and Fig.23.c. Thus, low pass filtering method is
less efficient to mitigate the stratified APS than the turbulent APS.

For the mitigation of the stratified APS from the atmospherically
uncorrected differential interferograms, two different approaches are
possible. The first is the direct estimation of the stratified APS from
differential interferograms and geometric data. The second is the
atmospheric decomposition from auxiliary meteorological data, the WRF
model in this study. However, the accuracy of the first approach absolutely
depends on the quality of differential interferograms. Even though
differential interferograms give high coherence, the method can be limited

in volcanic areas since the ground deformation induced by volcanic
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activities can be located in the summit as a function of height. Fig.24
shows the comparison of two approaches in the experiments, and the
estimation error of the stratified APS due to the ground deformation in
2010 yields additional ground deformation errors. Therefore, to measure
ground deformation accurately, additional use of auxiliary data can be one
of the most efficient solutions for correction of the stratified APS.

The above ground model and APS simulation have the following
implications;

1) In volcanic areas, time-series analysis still has the residuals of
APS and those effects are mainly induced by the stratified APS.

2) The method using geometric data and differential interferograms
for calculating the stratified APS might yield additional errors due to
topographically related ground deformation.

3) The stratified APS estimation using meso-scale weather
forecasting models is effective and it could reduce the stratified APS in
differential interferograms. The turbulent APS can be mitigated applying
low pass filtering in the conventional time-series analysis.

According to these model results, more reliable estimation method for
APS can be modified in time-series analysis. In Fig.25 after PS selection,
the wrapped phase will be corrected using the stratified APS estimated
from the WRF model. In this step, the determinant stratified APS might be

mitigated as mentioned in the simulation results. In the case of the

82 3_-@



turbulent APS, low pass filtering method in time can mitigate the
amplitude of temporally uncorrelated APS. The phases after subtracting
the turbulent APS estimated from low pass filtering and the stratified APS
simulated from the WRF model are mainly related to ground deformation.
Additionally, the sum of the stratified APS and the estimated turbulent

APS reflect real APS at SAR acquisition time.

[-1cmjfyr 8 ;m/ r — “
Fig. 22. Mean velocity (cm/yr) of simulated ground deformation. (a) Simulatec
ground deformation. (b) Simulated ground deformation and estimatec
turbulent APS (c) Simulated ground deformation and estimated stratified
APS. In mean velocity map, turbulent APS seems to affect the ground
deformation. However, it does not mean the variation of turbulent APS is
large. In the same respect, the stratified APS can affect severely the ground

deformation in time series analysis.
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5.3. Application to available dataset and data

processing

Table 6 and table 7 show available ALOS PALSAR images in
4 years involving the volcanic eruption event in 2010 for SBAS and
PSINSAR, respectively. The interferometric pairs were selected
based on the perpendicular and temporal baseline. The critical
baseline for SAR interferograms generated from ALOS PALSAR is
approximately 13 km. The interferometic pairs with the
perpendicular baselines (3120m, in this study) below the critical
baseline are all available in PSINSAR algorithm. In the case of SBAS,
the pairs with small baselines (1300m in this study) are recommended due
to geometrical decorrelations. The topographic contributions were
removed using SRTM DEM (90 x 90 m resolution). The SLC image in
2008-05-28 was selected as the master image for PSINSAR. Total 49 and
15 interferograms were obtained for SBAS and PSInSAR, respectively.
The criterion for selecting reliable pixels for SBAS was coherence. The
coherence values below 0.2 were masked out. For PSINSAR, the PS
selection method of StaMPS was applied. After the PS selection in
StaMPS algorithm, 1.5% of all pixels were identified using amplitude
dispersion of SLC images and phase analysis. The DEM errors were

calculated iteratively and the maximum DEM error was 15 m. The mean
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of the DEM error is only 0.01 m. For atmospheric correction, the derived
stratified APS derived from the WRF model were corrected in each
wrapped differential interferogram to avoid the unwrapping problem
possibly induced by APS. The turbulent APSs in each slave image were
estimated using low pass filtering of 180 days in time. The differential
interferograms had the stratified APS and turbulent APS before applying
the suggested method. Fig.27 shows that the unwrapped phase before the
atmospheric correction was correlated with height. The estimated stratified
APS from the WRF model have a good agreement with the phase in the
area except Shinmoedake volcano as in Fig.28. However, in Shinmoedake
volcano, the ground deformation cause by the volcanic activity in 2010 is
involved and this disagreement can imply the ground deformation.

Therefore, the estimation of the stratified APS is valid and reliable.



Table 6. Available ALOS PALSAR pair for SBAS.

Pair Perpendicular Temporal
Number

(master-slave) baseline (m) baseline (days)
1 20070107-20071125 -16.4 322
2 20070107-20080110 233.6 368
3 20070107-20080225 409 414
4 20070107-20100302 -165.3 1150
5 20071125-20080110 198.9 46
6 20071125-20080225 776.7 92
7 20071125-20100302 -144.7 828
8 20080110-20080225 177.4 46
9 20080110-20100115 -410.9 736
10 20080110-20100302 -307.32 782
11 20080225-20080411 210 46
12 20080225-20080527 384.6 92
13 20080225-20101203 495.2 1012
14 20080225-20110118 756.1 1058
15 20080411-20080527 235.3 46
16 20080527-20080712 -1142.6 46
17 20080527-20101203 -137.2 920
18 20080527-20110118 128 966
19 20080527-20110305 252.5 1012
20 20080712-20081012 -554.8 92
21 20080712-20090414 -269.9 276
22 20080712-20090530 106.3 322
23 20080712-20090830 -281.6 414
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Table 7. Available ALOS PALSAR dataset for PSInSAR.

Image Date Temporal Perpendicular
Number (YYYYMMDD) baseline (days) baseline (m)
1 20071125 -184 -1390
2 20080110 -138 -1069
3 20080225 -92 -604
4 20080411 -46 -398.65
5 20080527 Master
6 20080712 46 -2687
7 20090530 368 -2574
8 20090830 460 -3120
9 20091015 506 -2632
10 20091130 552 -2347
11 20100115 598 -1881
12 20100302 644 -1522
13 20101203 920 -125
14 20110118 966 146
15 20110305 1012 500
16 20110420 1058 088.64
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Fig. 27. (a) Differential interferogram from pair between 2008-05-27 and 2009-

10-15 and (b) estimated stratified APS corresponding to the same date
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5.4. Comparison between conventional and

atmosphere corrected time series analysis

5.4.1. Atmosphere corrected SBAS

The displacements at the volcano summit were measured to analyze
the deformation pattern. The conventional SBAS without atmospheric
correction shows uplifts in 2010 (Fig. 27 A). Before the atmospheric
correction of SBAS, the results represent the volcanic deformation and
residual of the APS. After simulation of APS, the residual APS were
approximately 2cm/yr in 2010. Therefore, after the atmospheric correction,
3~4cmlyr inflation occurred in 2010 in Shinmoedake volcano.

The atmospheric technique used in this study has several advantages
in volcanic deformation measurement. First, the simulated atmospheric
phase delay effects accurately reflect real atmospheric condition and
reduced the artifacts in interferograms. In particular, the stratified
atmospheric phase delay effects can be successfully mitigated. Secondly,

more accurate time-series surface displacement analysis is possible.
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Fig. 29. A. ground deformation rate (cm/yr) in 2010 measured by conventional SBAS. B. simulated atmospheric phase delay effect rate(cm/yr) in 2010. C.

Atmosphere corrected ground deformation rate (cm/yr) calculated by proposed method.
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5.4.2. Atmosphere corrected PSINSAR

The main conceptual difference between the conventional PSINSAR (i.e.
StaMPS) and the atmosphere corrected PSINSAR is the assumption of
atmospheric properties. The conventional PSINSAR expects that the
atmosphere is inhomogeneous in time whereas the proposed method
assumes that the APSs contained in differential interferograms consist of
the temporally uncorrelated APS relevant to the turbulent APS and the
residual APS mainly associated with the stratified APS. The atmosphere
corrected PSINSAR firstly estimates the stratified APS which can be
significant and corrected by using the WRF model. Then, the turbulent
APS is reduced in time-weighted low-pass filtering. This approach has an
advantage of mitigating the small scaled displacement induced by the
atmosphere and topography and extracting more accurate volcanic ground
deformation in a basis of physical and seasonal properties of the
atmospheric errors. Fig. 30 and Fig.31 represent the estimated ground
deformation in Shinmoedake volcano from the conventional methods and
the suggested method, respectively. According to the ground deformation
from StaMPS, Shinmoedake inflated from 2009-05-30 to 2009-08-30 and
from 2010-12-03 to 2011-01-18. In 2009, Shinmoedake volcano reached
the maximum ground deformation rather than in 2010, however, GPS

measurement and the simulated ground deformation (Fig. 23.a) show that

|
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the significant inflation was observed in 2010. It is worth noting that the
estimated residual APS is reaching the maximum in 2009. Thus, this
unexpected ground deformation in 2009 can be interpreted as the residual
APS effects. In Fig.30, the residual APS was reduced and the maximum
inflation caused by volcanic activities was observed in 2010. This results
support that the suggested method can mitigate the residual APS and

improve the accuracy of ground deformation.
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Fig. 31. Ground deformation measured from atmosphere corrected PSInSAR (StaMPS).
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5.5. Validation

In order to validate the results, several tests were performed. The first
validation approach is the comparison of the line of sight displacement
measured by GPS stations and the estimated ground deformation from the
conventional and the atmosphere corrected methods. The x-,-y- and z-
displacement of GPS is projected to the LOS for comparison.

The results show that the displacement trends in the atmosphere
corrected SBAS approach are more similar and closer with the
displacements from GPS in the LOS directions than those in SBAS
without the atmospheric corrections (Fig. 32). The standard deviation of
the time-series algorithm with the atmospheric correction is smaller than
the conventional SBAS algorithm which uses only HP filter and LP filter
for atmospheric correction. Thus, the presented methods can be an
appropriate method for the measurement of surface displacements.

In Fig. 33, the estimated ground deformations from the conventional
and the atmosphere corrected PSINSAR are compared. At locations of two
GPS stations, the atmosphere corrected PSINSAR gives closer ground
deformation respect to the reference ground deformation (GPS) than the
conventional method. The rms error between the measurements from GPS
and the conventional method was 0.705 cm. However, the rms error

decreased to 0.5698 cm when applying the proposed method (see Fig.
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33(a)). The improvement of the measurement accuracy can also be found
in another comparison point (see Fig. 33(b)). The rms errors decreased
from 2.413 cm to 1.1988 cm. Distinct disagreement of the conventional
PSINSAR can be found in the duration from 2009-08-30 to 2009-10-30
due to serious effects of the stratified atmospheric phase delay at SAR
acquisition time. Even though the atmosphere corrected PSINSAR has
errors on the same dates, the errors were reduced and it could be the
evidence for mitigating the APS. This comparison implies that the
proposed method is quite efficient to extract the reliable volcanic
deformation and mitigate the deterministic APS.

Indeed, above validation method might be insufficient for the
evaluation of ground deformation at the summit of Shinmoedake volcano
since the GPS stations are located below 400 m altitude. Another
difference between the conventional PSINSAR and the atmosphere
corrected PSINSAR is the estimated APS. The conventional PSINSAR
assumed that the only temporally random phase is considered as the APS.
In the suggested methods, APS can be explained as a sum of the stratified
APS calculated from the WRF model and the turbulent APS estimated
from high pass filtering (Fig. 34). For a comparison, the reference APS
need to be set. MOD 05 L2 and MYD 05 L2 of MODIS data provide the
integrated precipitable water vapor information with a spatial resolution of

1x1 km. It is possible to calculate the atmospheric phase delay from
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MODIS data [Z. Li et al., 2005]. Fortunately, several MODIS data were
available with little cloud and the acquisition time differences of only 10
min. The estimated APS from MODIS between 2008-05-27 and 2011-04-
20 was chosen as the reference data for a comparison. In Fig 35, the
estimated APS from the conventional PSINSAR shows disagreements from
the APS from MODIS data, especially in Shinmoedake volcano. However,
after processing of the atmosphere corrected PSINSAR, the estimated APS
is quite similar even in Shinmoedake volcano. The correlation coefficient
between the measured APS from MODIS and the estimated APS from the
conventional PSINSAR is 0.3518. The scatter plot shows a strong linear
relation between the measured APS from MODIS and the estimated APS
from the atmosphere corrected PSINSAR and the correlation coefficient is
0.75065.

In addition, it is worth noting that spatial variation of the APS from
the conventional PSINSAR is similar to that from the atmosphere corrected
APS except on the mountain. High pass filtering is the APS estimation
approach of the conventional PSINSAR to estimate the randomly
generated phase in time. In fact, the turbulent APS is uncorrelated in time,
and the turbulent APS can be mitigated in the conventional PSINSAR as
well. However, if the stratified APS is severe and contaminate PSInSAR,
the atmosphere corrected PSINSAR performs better than the conventional

method.
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Fig. 34. (a) Stratified APS and (b) estimated turbulent APS from atmosphere corrected

PSInSAR in 2011-04-20
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Fig. 35 The estimated APS between 2008-05-27 and 2011-04-20. A. the simulated APS from MODIS data. B. the estimated APS from
conventional PSINSAR C. the estimated APS from atmosphere corrected PSINSAR
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6. Conclusion

The atmospheric phase delay is the one of the limitation of SAR
Interferometry and differential interferometry. The efforts to mitigate the
atmospheric phase delay have been yielded the great results [F. Beauducel
et al, 2000; Z. Li et al., 2005; J. Foster et al., 2006; G. Nico et al., 2011; P.
Beradino et al., 2002; A. Ferretti et al., 2000]. This research aims to
minimize the atmospheric phase delay in differential interferograms for
monitoring volcanic activities.

The first approach, i.e. atmospheric correction technique using
MODIS data, gives quite good results and improves the accuracy of
ground deformation. The biggest advantage in this technique is that it can
be applied to numerous satellite dataset if MODIS data is available
corresponding to SAR acquisition time. However, a lack of available
dataset due to cloud coverage is a remaining limitation.

The second approach using a meso-scale weather forecasting model
such as the WRF model has a potential to reduce the atmospheric errors. In
spite of sufficient dataset, the accuracy of simulated meteorological data
should be evaluated before correction, and the problem is inaccurate
simulations of the turbulent atmospheric phase delay.

The time-series analysis also has errors in isolating APS from ground

deformation. The APS estimation errors are mainly related to the stratified
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APS. Since the WRF model has a potential to simulate the stratified APS,
the stratified APS estimated from WRF model can mitigate the stratified
APS in differential interferogram. In the case of the turbulent APS, low
pass filtering in time is an effective method under the assumption that the
turbulent APS is randomly generated. This assumption could be valid if
the number of samples is sufficient enough to ensure the convergence of
the random APS to zero.

In the case study of Shinmoedake volcano, the APS was successfully
distinguished from the ground deformation. Since the relatively severe
APS contaminate the ground deformation information, the residual APS
still remained after processing the conventional methods. As a result, the
ground deformation estimated from the conventional methods led to the
misinterpretation of understanding the sequence of the volcanic activities.
By applying the atmosphere corrected time series analysis, the estimated
ground deformation vyielded the reliable results associated with real
physical volcanism. The ground deformation was validated with the GPS
measurement. The estimated APS from the atmospheric phase delay
reflected better distribution of APS, especially over the mountain and
volcano than that from the conventional methods. Finally, the atmosphere
corrected time-series analysis can be successful in measuring ground
deformation caused by volcanic activities. Additionally, this method could

be helpful to predict high resolution meteorological information.
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However, the accuracy of the suggested method depends on the
quality of the WRF model results. Therefore, the efforts to simulate the
meteorological information which reflects realistic circumstances are

required in the future study.
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