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ABSTRACT

In this paper, methods to separate the ionospheric and
the scattering contributions on SAR data are proposed,
and the dynamic components of the ionosphere and the
lithosphere are quantitatively retrieved. These methods
exploit changes of squint and time in the azimuth sub-
bands.

1. INTRODUCTION

SAR images contain both of scattering and propagation
components. The separation of each component on SAR
data is a critical problem for exact estimations of geo-
/biophysical parameters from the SAR data. At low fre-
guency SAR at which the ionosphere is strong enough
to distort the image [1], such a separation becomes chal-
lenging in the presence of a dynamic ground and a vari-
able ionosphere both in time and space.

On the other hand, the sensitivity of low frequency SAR
system to the ionosphere means that SAR can be used
for the monitoring tool of the ionosphere. There are
roughly three methods for this: using Faraday rotation
[2], using the range dispersion [3] [4], and using azi-
muth parallax [5], [6]. In this paper, the method using
azimuth parallax is further developed. The variation of
the SAR data depending on different azimuth sub-band
(or squint) will be analysed in terms of height of the
ionosphere and its temporal variations. Because this
method is relying on the Doppler frequency variation in
the azimuth direction, its applicability does not reduce
for narrow bandwidth system like P-band BIOMASS.

This paper tests two practices of separation of the iono-
spheric contributions on SAR data: First dynamic com-
ponents of ionosphere are estimated from amplitude
stripes induced by post-sunset equatorial plasma bub-
bles. Second, the seismic deformation field overlaid by
the ionospheric disturbances will be separated. The tests
are performed using the acquisitions of Advanced Land
Observation Satellite (ALOS) Phase Array L-band SAR
(PALSAR) of Japan.
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2. POST-SUNSET EQUATORIAL PLASMA
BUBBLES

2.1. Plasma Bubbles Appearing on SAR

Plasma instability of ionosphere at the post-sunset sec-
tor of equatorial ionosphere induces plasma bubbles
aligned in the geomagnetic field. As the geosynchro-
nous orbit of SAR is fairly parallel to the geomagnetic
field there, the linear bubbles of plasma induce diffrac-
tion on the microwave pulses of SAR [7], [8]. Its result
is amplitude/phase stripe on the SAR image [9].

The stripes are sharpened on the azimuth sub-band im-
ages, as the integration effect during the synthetic aper-
ture reduces in narrow beamwidths. The ionospheric
stripes are modulations in the power of SAR image just
a few dB under severe cases, and this amount is easily
obscured by the inhomogeneous backscattering from the
ground. One practical method to suppress the scattering
heterogeneity is to normalize the power of the sub-band
image by that of the full-band. Fig. 1 shows such exam-
ples. The top row is the full-band power (oo fyy), the
middle row shows a 16" sub-band power (00,5up), and
the bottom row shows the normalized sub-band power
(0o,sub/0,puu ). The left column is ALOS PALSAR
acquisition over Amazon, center over Nigeria, and right
over Ethiopia. The strongest ionospheric stripes are seen

Figure 1. Examples of ionospheric stripes appearing on
equatorial SAR acquisitions (let) Amazon, (center) Ni-
geria, and (right) Ethiopia; (top) full-band power,
(middle) 1/16™ sub-band power and (bottom) its nor-
malization using full-band power.
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<Figure 2. Displacement of stripes in at different sub-
looks between (top) 3"/16 and (bottom) 13"/16 azimuth
sub-band [6]

on Amazon. They are seen on gy r,,;; image, but sharp-
ened ON gy g, aNd 0g oyp/ 00 ruu- ON Nigeria scene the
stripes are weaker and seen only on oy g, and oo sup/
Oo,uu- The ionospheric stripes on the heterogeneous
Ethiopia scene is only detectable on o ¢, /00 fuu-

2.2. Geometry of lonospheric Sripes

Here we adopt a popular assumption of horizontal iono-
spheric thin layer model at altitude h;,,, in order for the
geometric analysis of the ionospheric stripes. First, we
project the geomagnetic field B, on the horizontal plane
along the unit propagation vector & by

. . #-B
B=EB,—— ’%O;e, €]

where 7 is normal vertical unit vector.

The altitude and the velocity of the satellite is kg, and
Usqe» respectively. If the scene is focused on zero-

Doppler, By, - & = 0, and the angle between #,,, and B
is called the angle of stripes, i. On SAR image, however,
the ionospheric stripes forms larger angle, i’, with the
azimuth direction, because the range direction stretches.
Two angles are related by

tani: hgge — Ripno = tani' : hgg,. (2)
The angle i is a function of h;,,, and can be calculated
from geomagnetic field model, e.g., World Magnetic
Model (WMM) [10]. Observed stripe angle Amazon
scene was 10.52°.

Figure 3. Geometry of range displacement of iono-
spheric stripes in different azimuth sub-bands
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Figure 4. Scalar field of D and tan i’ calculated at Am-
azon test data. Our estimates of D and tan i’ indicates
the h;,,, around 200 km and negligible v, .

Another interesting observation of the ionospheric
stripes on the equatorial L-band SAR images is their
range direction displacement depending on the squint
[6], or time in the synthetic aperture. Fig. 2 shows dis-
placement of stripes between different azimuth sub-
bands. In the Amazon scene, its displacement is esti-
mated to be 112 m per 16" sub-bands westward. A ge-
ometric explanation is shown in Fig. 3. The distance d
indicates the orbit distance between the zero-Doppler
position and some another time in synthetic aperture.
On the ionospheric thin layer, this distance is reduced to



Figure 5. Normalized sub-band power images (left)
before and (right) after topographic compensation over
Jicamarca data

d' =d - hjyn,/hsqr- The projected geomagnetic field B
is placed on the ionospheric layer and forms angle i
with the orbit. Seen on orbit at position d, the magnetic
field is displaced as much as A = tani - d' on the iono-
spheric plane (with respect to zero-Doppler position),
and, on SAR image, the range direction displacement is
scaled up to
hsat A hiono

Dgoo = =d tani. (3)
geo h at — hiono hsat - hiono

S
The orbit distance d and the azimuth frequency f, is
related as d = L%- Vgar, Where Dy is Doppler rate.

At the same time, we also suppose a drift of the iono-
sphere. The drift can head to any direction, but we only
pay attention to the range-direction (not slant range but
on horizontal plane) component v,. As this evidently
modifies the displacement measurement, its effect
should be added to the stripe displacement formularized
in (3). For that, the drift is projected on the ground

_vahsat ang multiplied by the time interval between
d

hsat—hiono

sub-bands

The displacement becomes

Vsat

d
Dot (i h ) @
hsat - hiono one sat Usat

The drift also modifies the angle of ionospheric stripes.
It is proportional to the ratio of v, to vg,,. The stripe
angle we finally observe on SAR image is
h v

sat (tani +—= ) 5)

hsat - hiono Vsat

vy

tani” =

The system of equations (4) and (5) cannot be solved
analytically as tani is non-linear function of h;y,,. In-
stead, we searched a 2-D plane defined by (hipno, V1),
and calculated the scalar field of D and tan i"’ using Egs.
(4) and (5). Fig. 4 demonstrates such scalar fields at
Amazon data. Curves corresponding to the detected
displacement and stripe angles cross over at h;y,, Of
200 km and v, of zero. We interpret this pair of
(hiono, V1) as the estimates of altitude and the drift of
the ionosphere.

2.3. Topography

Topography is another obstacle for the detection of the
ionospheric stripes on the SAR image. In the oblique
imaging geometry of SAR, a higher position on ground
is imaged in earlier slant range, leading to foreshorten-
ing. lonospheric stripes projected on rugged terrain are
also effected by foreshortening, and no longer straight.
For topographic altitude i, and the incidence angle with
respect to the ellipsoid 8, the amount of foreshortening
is 2h/sin26. This effect can be compensated from
digital elevation model (DEM). Fig. 5 compares nor-
malized sub-band power image in original and topogra-
phy-compensated coordinates near Jicamarca Radio
Observatory. The straightness of the features are well
recovered.
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Figure 6. Successive 13 interfermetric acquisitions over Amazon showing strong amplitude/phase stripes (top) master
on Dec. 25™ 2007, (middle) slave on Mar. 25" 2008, and (bottom) interferogram. The azimuth direction is from right to
left, and the range direction is bottom to top. The orbit was ascending.
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Figure 7. lonospheric altitude and drift velocity esti-
mated from Amazon data sets

2.4. Altitude and Drift Estimates

By detecting the ionospheric stripes and compensating
topographic effects, the altitude and the drift speed was
estimated from the stripe angles and the stripe dis-
placements on ALOS PALSAR data acquired over Am-
azon and Jicamarca.

For Amazon, we used 13 successive interferometric
acquisitions extending 740 km (see Fig. 6). The master
acquisition was on December 25", 2007 and slave on
March 25", 2008. In both acquisitions, the ionospheric
stripes are clearly seen, but the stripes in master acquisi-
tion disappear in left (northern) part. They align the
projected geomagnetic field forming arcs from south to
north. The fringes in the interferogram also show strong
alignment to the geomagnetic field. Interestingly, such
alignment diminishes and fringes alternates rapidly with
latitude where the stripes disappears in the master ac-
quisition. The stripes possibly indicate tight confine-
ment of electrons along the magnetic field from decay-
ing. Fig. 7 shows estimated altitude and drift of the ion-
ospheric features. It shows a gradual decrease of altitude
and the drift velocity in both (top) master and (bottom)
slave acquisitions.

The next test site is Jicamarca, Peru. Here we tested one
acquisition that shows a strong ionospheric stripes. Dif-
ferent from the Amazon site, the Jicamarca scene shows
quite large value of tani”. Its consequence is relative
reduction of the dynamic component v, in Egs. (4) and
(5), and drives both equations less independent each
other. Then, the error in the estimation of displacement
or stripe angle becomes a critical for the stability of
solution. When the scalar fields of two values are over-
laid, they do not give well-defined cross-over (Fig. 8).
Jicamarca Radio Observatory provides various iono-
spheric observation data including the altitude of peak
electron density and the drift [11]. The height is 400 km,
and the velocity measured in east-north-vertical coordi-
nate is converted to range direction drift speed v, of 87
m/s. The height and velocity also does not match well
with our estimates. Possibly our estimates on the drift
and the angle can be erroneous, or the plasma bubbles
inducing the ionospheric stripes are occurring at differ-
ent altitude in different speeds.
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Figure 8. Overlaid scalar field at Jicamarca dataset.
Two estimates do not form a well-defined cross-over.

3. SEPARATION OF SEISMIC DISPLACE-
MENTS

3.1. lonosphere in Repeat-Pass Interferometry

INSAR measures the line-of-sight (LOS) direction dis-
tance difference in terms of interferometric phase. At
the same time, cross correlations between master and
slave data provide the measure of displacements in per-
pendicular direction to LOS in reduced precisions. Low
frequency SAR interferometry is favoured for its low
temporal decorrelation, but at the same time, it suffers
from the ionospheric distortions [12], [13]. Its direct
effect is additional interferometric phase from the
change in difference of total electron content (TEC),
which biases the LOS direction surface displacement
measurement. Another effect is the shift of focusing
position due to the spatial gradient of ionosphere [14]. It
induces azimuth direction shift of focusing position,
obscuring deformation field estimation using cross cor-
relation. Its amount is [13]
vpiercing Vsat OTEC
Ada =27 of Dp dx (6)
where ¢ is a constant of 40.31 M, Vyiercing IS the
speed of piercing point, c is speed of light, f is the cen-
tre frequency of SAR and x is azimuth position. It
amounts to 1 m for 1 TECU of gradient of ionosphere in
100 km at L-band. In this section, a compensation
method for the ionosphere-induced azimuth shift using
the azimuth parallax is proposed and tested.
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Figure 9. Interferogram and azimuth shift of 2008 Kyr-
gyzstan earthquake acquired by ALOS PALSAR

3.2. Dataset

On October 5™ 2008, a magnitude 6.7 earthquake oc-
curred in Kyrgyzstan [15]. ALOS PALSAR acquired
interferometric pair over its epicentre before (July 2"
2008) and after (August 20™ 2009) the earthquake, in a
year temporal baseline. The interferogram (Fig. 9)
shows typical fringe pattern of earthquake. Strong
decorrelation happens across the range direction at
south of the epicentre due to snow cover and glacial
motion. Azimuth shift map shows evident overlay of the
ionospheric pattern over seismic motion. The ionospher-
ic pattern is oblique linear pattern aligned to the project-
ed magnetic field B, shown as an oblique white line,
while the seismic motion is abrupt change of azimuth

shift along the fault. Both components amounts to + 3 m.

3.3. Use of Parallax

In mid-latitude to polar regions, geomagnetic field
forms a larger angle with respect to the azimuth direc-

Figure 10. Geometry of using azimuth parallax

tion than in equatorial zone (Fig. 10). In this geometry,
the ionospheric feature is imaged in the approaching
sub-band forward and in the departing sub-band back-
ward along the azimuth direction. Thus, the azimuth
shift induced by the ionosphere should show parallax
effect.

Fig. 11 compares two azimuth shifts estimated in ap-
proaching and departing sub-bands. In comparison with
the common magnetic field line at the middle, the effect
of parallax becomes evident. At the same time, the
component from the ground deformation should remain
the same position regardless of the small change of look
direction. This observation invokes us to formalize the
observed azimuth shift as the sum of two components of
ground deformation g(x) and ionosphere-induced azi-
muth shift p(x):

Sappr(x) =g(x) +p(x +ar) @

Sdepr(x) =g(x) +p(x —ar)
where 7 is a quarter of synthetic aperture time, and « is
a velocity-unit constant defined by v, hgge and Riprnp-
Now the key step is to write the ionospheric component

Azimuth Shift [m]
Figure 11. Azimuth shift estimates in (left) approaching
and (right) departing sub-band showing parallax
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Figure 12. Separated ionosphere-induced azimuth shift

p(x) in terms of our observations sg,, (x) and
Sqepr(x). For that we need to define a space where the
addition and the translation becomes linear operations.

Such a space is frequency domain. The Fourier trans-
forms of Eq. (7) are
Sappr(K) =G(x) + P(K)eikar ©)
Sdepr(x) =G(x) + P(K)e_i’mr
where S, G and P are Fourier transforms of s, g and p,
respectively, and k = 2m/x. The subtraction isolates the
ionospheric contribution as
AS = Sappr — Saepr = P() - 2i sinkar, 9)
or
P () = awr — Sdepr. (10)
2i sin kat
The determination of a is performed by estimating the

relative offset of azimuth shift patterns in two azimuth
sub-bands. The cross correlation between two azimuth
shift estimates in Fig. 11 indicates the parallax of two
sub-bands are 3.32 km, and at becomes its half. The
sinus denominator in Eq. (10) periodically encounters
division with zeros and very small numbers. In this
study we forced the results of divisions with smaller
than 0.4 to be zero. Its consequence will be discussed
later.

3.4. Results and Discussion

Fig. 12 is the separated ionospheric contribution. The
feature of fault motion is no longer visible. Instead of
direct count-measurement of this azimuth shift compo-
nent from Fig.9, we generated a (differential) TEC
screen that will induce the azimuth shift in Fig. 12. A
zero-mean flat TEC screen is first assumed, and it is
undulated so that its gradient will produce the extracted
ionospheric azimuth shift. Detailed method is described
in [13]. Such TEC screen shows very small variation of
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Figure 13. Azimuth shift estimate after ionosphere-

induced components are compensated.

TEC less than 0.1 TECU (not shown). This TEC screen
is converted to phase advance and compensated on slave
acquisition [16].

Cross correlation with the corrected slave image shows
significant reduction of linear pattern of azimuth shift
(Fig. 13). The deformation feature, on contrary, is well
isolated. The corrected interferogram is not shown be-
cause the change by the correction is very small. It can
be expected from the small undulation of reconstructed
(differential) TEC screen.

After compensation of ionosphere-induced azimuth shift
around the fault motion, at the top and bottom edges and
at the near range, linear structures of the azimuth shift
estimates still persist. The incomplete compensation at
the edges is attributable to the limit of sight to form a
full parallax pair. Remaining ionospheric azimuth shift
in near range possibly linked to other factors. First the
ionospheric altitude (or value of &) can vary in the sce-
ne. Second the filtering to avoid dividing by small num-
bers inevitably biases certain frequency components.
Third the subtraction in Eq. (10) loses the information
about mean by definition, and biases the ionosphere-
induced azimuth shift estimate.

The idea using azimuth parallax to separate ionospheric
contribution is commonly valid to any kind of iono-
spheric disturbances. One test-worthy such distortion is
Faraday rotation (FR) as we know that there is only
ionospheric contribution to the FR. In practice, the spa-
tial variation of FR in the PALSAR scene extent is gen-
erally very small, and we have only one acquisition on
which the parallax of FRs in two sub-bands is detected.
Fig. 14 compares the FR profiles in approach-
ing/departing sub-bands and the separated FR. As ex-
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Figure 14. Comparison of FR profile in approaching
(red) an departing (blue) sub-bands, and reconstructed
FR (black)

pected the separated FR lost the average value, as well
as, its linear trend. In addition, it suffers from long
wavelength (~10-20 km) undulation. It is likely attribut-
able to the band-pass filtering to reduce the division
with small numbers. We can infer such long wavelength
undulation persists in previous ionosphere-induced azi-
muth shift estimation (Fig.12). On contrary, the en-
forced zero-mean and de-trending is less important
problem in azimuth shift estimates.

4. CONCLUSION

In this paper the method of exploiting the azimuth sub-
bands of SAR to estimate the ionospheric dynamic pa-
rameters and to compensate its effects on deformation
observation are considered and tested with actual ALOS
PALSAR data acquisitions over equator and mid-
latitude, where the imaging geometries exhibit different
configurations. At equatorial test site, the ionospheric
structures are aligned quite parallel to the azimuth direc-
tion. The displacements of ionospheric stripes on SAR
images were measured in range direction. It was inter-
preted as a joint result of change of look direction and
the drift of the ionosphere in the synthetic aperture time.
lonospheric altitude and drift speed were estimated.

At mid latitude, azimuth parallax was used to separate
the ionosphere-induced azimuth shift from the ground
deformation. In frequency domain, the ionospheric and
ground contributions could be written by addition and
multiplication, allowing their arithmetic separation. The
ionosphere-induced azimuth shifts are converted to dif-
ferential TEC screen and used for the correction of the
slave acquisition. The correction removed the iono-
spheric contribution sufficiently but with some artefacts.
The frequency domain filtering were sources of the arte-
facts.
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