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[1] We present a technique and results of 2-D imaging of Faraday rotation and total

electron content using spaceborne L band polarimetric synthetic aperture radar (PolISAR).
The results are obtained by processing PolSAR data collected using the Phased Array type
L-band Synthetic Aperture Radar (PALSAR) on board the Advanced Land Observation

Satellite. Distinguished ionospheric inhomogeneities are captured in 2-D images from
space with relatively high resolutions of hundreds of meters to a couple of kilometers

in auroral-, middle-, and low-latitude regions. The observed phenomena include
aurora-associated ionospheric enhancement arcs, the middle-latitude trough, traveling
ionospheric disturbances, and plasma bubbles, as well as ionospheric irregularities. These
demonstrate a new capability of spaceborne synthetic aperture radar that will not only
provide measurements to correction of ionospheric effects in Earth science imagery but

also significantly benefit ionospheric studies.

Citation: Pi, X., A. Freeman, B. Chapman, P. Rosen, and Z. Li (2011), Imaging ionospheric inhomogeneities using spaceborne
synthetic aperture radar, J. Geophys. Res., 116, A04303, doi:10.1029/2010JA016267.

1. Introduction

[2] Tt is well known that the ionosphere as a media of
radio propagation causes additional time delay, phase
advance, and polarization changes in radio signals that tra-
verse the ionosphere. These effects become appreciable at
L band and lower frequencies owing to the dispersive nature
of the ionosphere. As spaceborne L band synthetic aperture
radars (SARs) are applied to remote sensing of Earth’s
surface deformations, biomass, and cryospheric dynamics,
use of SAR to measure the ionosphere also becomes
desirable. This is because such measurements not only makes
it possible to detect and correct the ionospheric effects in
Earth science remote sensing imagery, but also significantly
benefit ionospheric studies.

[3] For example, if horizontal gradient or curved struc-
tures of ionospheric density are present in a satellite path,
ionospheric-induced phase and polarization changes in the
remote sensing radio signals can occur inhomogeneously in
a radar scene. The effects can cause distortions in inter-
ferograms of L band or lower-frequency interferometric
SAR (InSAR) images [e.g., Ishimaru et al., 1999; Liu et al.,
2003; Freeman, 2004; Chapin et al., 2006, Pi and Chan,
2006; Meyer and Nicoll, 2008; Shimada et al., 2008;
Freeman et al., 2008; Pi et al., 2008; Rosen et al., 2009;],
which must be removed to obtain quality Earth science
images. Further if plasma irregularities are present, the
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well-known ionospheric scintillation effects can occur and
cause random changes in signal power, phase, and polari-
zation. These effects can cause artifacts in InSAR images
and must be identified. Measuring the ionosphere using
satellite-based SAR would make it possible to provide
needed data to correct or identify the ionospheric effects. In
addition, satellite-based SAR techniques would have a great
potential for 2-D ionospheric imaging from space. The
major advantages include that such imaging will have rel-
atively high resolution, can be conducted globally, and is
not susceptible to weather conditions and various light
sources that can hinder optical imaging.

[4] A key to success of ionospheric correction in SAR
imaging is spatial resolution of the ionospheric imaging. In
the detection and correction, it is required to resolve iono-
spheric structures presumably down to kilometers or sub-
kilometer scales. In the ionospheric measurement respect,
imaging from space at such spatial resolutions would fill
the gap of existing ionospheric observation capabilities. On
smaller scales, ionospheric density distribution varies
smoothly except for plasma irregularities and plasma bubbles.

[s] Here we review and summarize some results that
have been presented by us in conferences since 2008. We
present a technique of imaging the ionosphere using polari-
metric measurements of spaceborne SAR, and show imaging
results of ionospheric inhomogeneities in high-, middle-,
and low-latitude regions. The SAR data presented in this
work are collected using the Phased Array type L-band
Synthetic Aperture Radar (PALSAR) on board the Japanese
Advanced Land Observation Satellite (ALOS; see http:/
www.jaxa.jp/projects/sat/alos/index_e.html). lonospheric total
electron content (TEC) measurements derived from GPS
data collected using the International GPS Service network
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and the GPS Earth Observation Network (GEONET) in
Japan are also presented to verify the SAR observations.

[6] Using PALSAR polarimetric data, Meyer and Nicoll
[2008] and Pi et al. [2008] have previously obtained FR
images in the polar region, which show enhanced FR bands
and the effects on InSAR imagery. Rosen et al. [2009] have
applied a split-spectrum technique to the measurement of
differential TEC and the correction to satellite repeat-pass
InSAR imagery in the polar region. The technique utilizes
the limited bandwidth (14 to 28 MHz depending on the
operation mode) of the PALSAR data to construct phase
images at the two bands to derive the differential TEC.
Shimada et al. [2008] have reported anomalies (streaks) in
the PALSAR land images and pointed out that the anoma-
lies are due to ionospheric irregularities. In this work, we
focus on ionospheric imaging without including the effects
on land images to limit the length of this paper. Our imaging
results are organized in such a way that manifests distin-
guished ionospheric phenomena at high, middle, and low
latitudes. These phenomena include TEC enhancement
associated with aurora arcs, the middle-latitude ionospheric
trough, traveling ionospheric disturbances (TIDs), plasma
bubbles and ionospheric irregularities that cause ionospheric
scintillation in the L band SAR signals. We start with a
review of some fundamentals of ionospheric effects on radio
signals in section 2, which is followed by a description
of measuring Faraday rotation using polarimetric SAR
(section 3). Examples of 2-D images of Faraday rotation and
TEC derived from PALSAR polarimetric data are presented
in section 4 to show ionospheric inhomogeneities at high,
middle, and low latitudes. Spatial resolutions of SAR iono-
spheric imaging are discussed in section 5. Section 6 sum-
marizes our conclusions.

2. lonospheric Effects on Radio Signals

[7] In this section, some fundamental ionospheric effects
on radio propagation are briefly reviewed that help to assess
the ionospheric imaging results to be presented in section 4.
The formula of ionospheric refractive index is one of the
fundamental equations and often referred to the Appleton-
Lassen formula or Appleton-Hartree formula, named after
the British and German scientists who derived it in 1920s
and 1930s. In a magnetized, anisotropic, and ionized media,
a radio wave splits into the ordinary and extraordinary
waves in general that have different phase velocities. The
corresponding refractive index is a function of electron
density, the ambient magnetic field, and the frequency of
the radio signal. Its full expression is referred to readily
accessible references [e.g., Budden, 1985; Davis, 1990]. A
simplified form (neglecting higher-order terms) can be
expressed as

1 _
por~1-3X(1FY), (1)

where subscripts O and E denote the ordinary and extraor-

dinary waves, respectively. Parameter X = (w”)z, W, =

w
12 .
(go—m) is the angular plasma frequency, n. is electron

density, e is the elementary charge, ¢y is the permittivity of
free space, m, is the electron mass, and w = 27f is angular

radio frequency. Y = “2, wy = ‘E|B is the electron gyro fre-
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quency, and B denotes the magnitude of ambient magnetic
field. The upper (-) and lower (+) signs apply to the ordi-
nary and extraordinary waves, respectively.

[8] Michael Faraday discovered in 1845 that as a signal
propagates through a magnetized media, its polarization
rotates an angle with respect to the original orientation. The
phenomenon is characterized as Faraday rotation, and
results from different speeds and opposite directions of
polarization rotations. The angle of the rotation can be
derived by integration of half the phase difference between
the ordinary and extraordinary waves along the propagation
distance; that is,

Q:/%S(MO—HE)‘ZS: 2)

where c is the speed of light and ds is the incremental length
along the raypath, assuming that the wave propagates in the
direction of magnetic field. In general one can obtain the
Faraday rotation integration as

lef’

B 2.365 x 10°
"~ 8mlegomlf2

/ n.B cos Ods = 7

/ n.Bcos 0 ds,

3)

where 0 is the angle between the vectors of radio wave and
ambient magnetic field, and the formula is in MKS unit.

[9] For typical spaceborne SAR observation geometries,
cos O varies little along the radio raypaths within a radar
scene and B varies monotonically in altitude dimension.
Fluctuations in the magnetic field caused by ionospheric and
magnetospheric currents can be neglected since they are
usually less than 1%, or a few percent in the polar region
under severe magnetic storms. Thus the product B cos 6 can
be replaced with a mean or median value along the raypath
and taken out from the integration. In SAR practice Faraday
rotation can then be computed as

4
Q= 236;7;10 (Bcos 0)TEC. 4)
where TEC = [ n.ds denotes total electron content along the
radio raypath between the transmitter and receiver. Using
this equation, TEC can be derived from FR measurements
by specifying (B cos 6).

[10] Similarly, ionospheric-induced phase change can also
be derived. For an L band signal, the magnetic effect is so
small that the refractive index can be further simplified for
most applications by neglecting the Y term in equation (1);
that is,

~1 1X 5

p=L=sa )
As the signal propagates in the ionosphere, its phase change
with respect to the initial phase in terms of traveled distance is

1
¢—¢o:/kds:/ﬂds:ij/udszg/O——X)ds
. Vp [ c 2

= ¢L‘ + ¢17 (6)

w s e? 8.45 x 1077
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(7)
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where ¢ is the initial phase, ¢ is the phase change as the
signal propagates in vacuum, and v, is the phase velocity.
The negative sign in front of the ionospheric-induced phase
change (¢;) indicates that there is less phase change as
the signal propagates through the ionosphere than through
vacuum for a same distance. Its corresponding absolute
phase path in units of distance is

40.3

It is noted that both phase and Faraday rotation effects are
proportional to TEC. To compare the two effects, one can
compute the ratio of ¢; to 2; that is,

_9
7@‘—5

A

=3574x 107" —L |
% (B cos 0)

©)

Note that the ratio depends on radio frequency. For example,
assuming an L band signal at /= 1270 MHz, B = 0.4 x
10~ Tesla, & = 45°, one can obtain 7o = 1604.8. For a
P band signal at f'= 400 MHz and the same magnetic field
strength and propagation geometry, v, = 505.4. Another
useful parameter is the ratio of d; to €2; that is,

dr

== 1.7 x 1073 [m/rad]

1
(B cos 6)
=2.974 x 107°

[m/deg]. (10)

(B cos 0)

The parameter 4 measures ionospheric-induced signal
delay in meters for every degree of Faraday rotation. Using
the above magnetic field strength and propagation geometry,
one can obtain v4 = 1.05 m/deg. For observation geometry
of f close to 90°, which can occur near the magnetic equator,
74 becomes large since the factor cosf becomes small.

3. Measuring Faraday Rotation Using
Polarimetric SAR

[11] For a SAR system performing full polarimetric
measurements, Freeman [2004] described the effects of
Faraday rotation on the radar polarimetry and the required
system calibration. Here we briefly summarize the funda-
mental equations of radar polarimetric measurements as
follows, which leads to a method of deriving Faraday
rotation. For a polarimetric SAR transmitting and measuring
linear horizontal (H) and vertical (V) polarizations, the
measured scattering matrix (M) can be expressed as

My, M, /1 &N/1 0
( i h) Al e)w( 2) ( )
th Mvv 61 1 0 ﬁ

( cos{) sinf) ) ( Shn Sv;,)
—sin€) cosf) S Sw
( cos 2 sinQ)(l 0)(1 63)
—sin€)  cosf) 0 £ 64 1
Npp - Ny
11
* ( th va )7 ( )
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or

M = 4e’’R"RpSRfT + N, (12)
where S is the scattering matrix and Ry is the one-way
Faraday rotation matrix. T and R" are the transmit distortion
matrix and transpose of the receive distortion matrix,
respectively, both of which include cross-talk (6 terms) and
channel amplitude and phase imbalance (f; and f5). N is the
additive noise matrix. A represents the overall gain of the
radar system, which is a function of range () and elevation
angle (6). ¢ represents the round-trip phase delay and sys-
tem-dependent phase effects.

[12] The system distortion can be calibrated using tradi-
tional methods if the Faraday rotation effect is zero or can be
neglected. We have also developed a method to perform the
system calibration with polarimetric measurements under
conditions of limited Faraday rotation effect [Freeman et al.,
2009]. Briefly, considering a condition of small Faraday
rotation (i.e., sin # = # and cosf = 1), equation (11) can be
approximately expressed as

My M, _ 1 649\ /S Su
( hh h>:A(r,€)ef¢’( ) + >( i 1)
th Mvv 51 _Qfl fl Shv va
| 63 + Q
( ’ fz) +N (13)

-0 f

We rewrite this equation to the following:
( Mhh Mvh ) _ A(V7 H)ej(’b ( 1 55) ( S;,/, Sv/, )
th Mvv 6; ,ﬁ Shv va
( 1 65)
: +N,
6 S

where 6] = 6; — Qfy, & =6, + Q, 85 = 63 + Qf>, and 8 =
04 — Q. In addition, a parameter F = % is introduced to
represent the ratio of receive and transmit imbalances.
Equation (14) now is in a form that 6}, 6, 65, 04, and F
become the new distortion parameters. Such a system can be
calibrated by applying traditional methods such as Quegan’s
[1994] method as if the Faraday rotation effect is neglected.
As the new parameters are solved for, 61, 0, f1, f> and €2 can
be derived. We have applied our method to an estimation of
the PALSAR polarimetric system calibration parameters,
which is performed using a series of PALSAR data sets
without corner reflectors [Freeman et al., 2009]. The esti-
mation shows consistent results with what JAXA obtained
using Quegan’s method with a corner reflector deployed in
the Amazon, where the Faraday rotation is minimized owing
to the geometries of radar beams and the ambient geomag-
netic field.

[13] After the system calibration, the measurement equa-
tion can be formed as

(14)

M = RpSRy (15)
where M is calibrated polarimetric measurement matrix, and
N is neglected which can be minimized in data processing
using filtering or smoothing techniques. Several methods
have been developed to solve for FR effects and to remove
the effects from the scattering measurements. Here we
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Figure 1. The coverage and map projection of PALSAR observation ground tracks presented in this
work for imaging ionospheric inhomogeneities at (a) high, (b and c¢) middle, and (d) low latitudes. All
observations were made along ascending orbit tracks from lower to higher latitudes. The projection of
radar observation range direction to the ground is in the cross-track direction (to the right).

introduce an approach proposed by Bickel and Bates [1965],
who applied a simple transformation as follows:

{Zn le}:{l ]}[Mhh Mvh:|[1 J}
Zy Iy Jj 1| My M, ||j 1]

With an assumption of reciprocal scatterer (S, = Spy), one
can solve for Faraday rotation as

(16)

1
Q= Zarg(leZz*l). (17)

4. Ionospheric Variations Imaged in Different
Latitude Regions

[14] The 2-D ionospheric imaging technique described in
section 3 is applicable for a system operating at L band and
lower frequencies since the Faraday rotation effect becomes
appreciable at these frequencies. The Phased Array type
L-band Synthetic Aperture Radar (PALSAR; f, = 1270 MHz)
on board the Advanced Land Observation Satellite (ALOS)
is such a system. ALOS is an Earth science mission laun-
ched by the Japan Aerospace Exploration Agency (JAXA)
on 24 January 2006, orbiting at about 692 km altitude Sun-

synchronously (~1000/2200 LT). PALSAR has operated
primarily on finebeam and ScanSAR modes since the launch
of ALOS. In addition, it has also operated experimentally to
collect polarimetric data in different regions of the world.
[15] In this section, we will present 2-D images of slant-
range Faraday rotation (FR) derived from polarimetric data
that are collected using PALSAR from polar, midlatitude,
and equatorial regions. Figure 1 gives the coverage and map
projection of PALSAR observation ground tracks to be
presented in this work. Before ionospheric processing,
full polarimetric data (HH, HV, VH, and VV) are calibrated
by JAXA for radiometry, phase, cross-talk and channel
imbalance. The PALSAR product calibration conducted by
JAXA and its applications are referred to Shimada et al.
[2009]. A typical calibrated single-look complex (SLC)
polarimetric data for a PALSAR image scene is composed
of 1248 x 18432 pixels in range and azimuth dimensions,
and the sampling spacing is about 9.369 and 3.557 m. These
correspond to about 23.128 and 3.557 m on average on the
ground in cross- and along-track dimensions, respectively.
The FR processing as described in the section 3 is applied to
the calibrated SLC data to derive FR images. A FR image
derived from SLC data is often noisy and can be contaminated
by ground topographic features. Thus image smoothing or
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Figure 2. (top) Image strip of line-of-sight Faraday rotation (FR) derived from PALSAR observations
over Alaska on 1 April 2007. The strip covers about 30 x 900 km* extending from about (216.28°E,
60.008°N) to (212.335°E, 67.432°N) along the satellite ascending orbit track (see Figure la). (bottom)
The 1-D FR values extracted from the image center as indicated by a line. The spaceborne synthetic
aperture radar data present remarkable FR enhancement arcs, which are due to total electron content
enhancements associated with auroral activities under disturbed space weather conditions.

filtering is required to remove such noise. In our analysis a
boxcar smoothing is applied at least that replaces FR value
for each pixel with an average of a number of surrounding
data points. The number of data points used in an average
depends on the degree of noise. A bandpass or lowpass filter
may also be applied when necessary and data outliers, if
identified, are replaced by interpolated values.

[16] Corresponding TEC images will also be presented.
As indicated in equation (4), deriving TEC image from FR
involves the ambient geomagnetic field, including its mag-
nitude and orientation. In our analysis we use International

Geomagnetic Reference Field (IGRF), an empirical model
which includes the main core field and external fields due to
ionospheric and magnetospheric currents. Horizontally, the
modeled magnetic field does not vary much within a typical
radar scene, which is about ~30 x 60 km? for the polari-
metric mode. However, the magnitude of magnetic field
varies substantially with altitude. The vertical variation
arises mostly from the main field which is continuous and
approximately follows a dipole field in near Earth space.
Thus, in computing TEC from FR, equation (4) is used
in which the integration is replaced with a mean value

K Index
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Figure 3. Geomagnetic indices for (top) Kp, (middle) auroral electrojet, and (bottom) SYM-H showing
a geomagnetic storm during 1-2 April 2007 (days of year 91 and 92; the plotted data start at the beginning

of 30 March 2007, day of year 89).
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Figure 4. Relative total electron content (TEC) and rate of TEC (ROT) data collected using a dual-
frequency GPS receiver in Fairbanks, Alaska. The observing site is marked by the large solid circle.
The GPS observations on 1 April 2007 from a receiver-to-satellite (pseudorandom number (PRN) = 8)
radio link show perturbed TEC structures in the region adjacent to the Advanced Land Observation
Satellite pass at about 0747 UT. The asterisk indicates the starting point of GPS track at 0500 UT.
The PALSAR observation track from lower to higher latitudes and the time of PALSAR observation

are also marked.

(B cos ) for a pixel. In addition, interpolations are also
applied to the horizontal dimensions to reduce computation.

4.1. TEC Enhancements Associated With Aurora
Activities

[17] Figure 2 (top) presents a FR image strip along an
ALOS ascending pass over Alaska. In Figure 2 (bottom) the
along-track direction is from lower to higher latitudes (see
also Figure la). The included polarimetric SAR (PolSAR)
observations were made between about 0727 and 0729 UT
on 1 April 2007. The radar images extend from about
(216.28°E, 60. 008°N) to (212.335°E, 67.432°N), referrmg
to Figure la, covermg an area of about 30 x 900 km?. In
deriving the 2-D image, a 2-D smoothing is applied which
takes an average of surrounding 21 x 41 points centered at
the pixel of interest. This reduces the image resolutions to
about 486 and 146 m in cross- and along-track dimensions,
respectively. A sample of 1-D FR extracted from the image
center is also plotted (Figure 2, bottom).

[18] The remarkable patterns shown in the 2- and 1-D
data are enhanced FR arcs. These arcs are all aligned in an
approximately same direction. The magnitude and width of
individual arcs are different. There are diffused enhance-

ments around the brightest arc at ~62.25°N latitude, and the
range of diffusive feature on each side of the arc can be
different, some showing more on the lower-latitude side
such as the arc mentioned above and some on the opposite
side such as the one near ~64.9°N. Even weak arcs can be
identified easily near 60.4°N, 60.6°N, 63.2°N, 65.4°N, and
66°N latitudes. Examining the orientations of the arcs and
compare them with the IGRF geomagnetic field, we find
that the arcs are approximately aligned with the contours of
magnetic inclination angles. These arc features lead us to
speculate that they are associated with aurora activities in
which charged particle precipitation can cause aurora arcs
and TEC enhancements as seen in the FR images.

[19] It is well known that the nominal auroral zone in the
northern hemisphere is around about 65°N magnetic lati-
tude, and aurora activities significantly increase during
geomagnetic storms under disturbed space weather condi-
tions. Checking the space weather and geophysical condi-
tions, we learnt that there was a geomagnetic storm occurred
on 1 April 2007. Figure 3 shows geomagnetic index data
indicating increased auroral electrojet activities at the time
of the ALOS pass under the context of global geomagnetic
activities. In addition, we also examined GPS data collected
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Figure 5. (top) The 2- and 1-D Faraday rotation (FR) derived from polarimetric data taken by PALSAR
in an ascending orbit pass (approximately northward; see Figure 1b) over North America on 23 May
2007. (bottom) Mean values of the FR image in cross-track dimension along the observation track. The
synthetic aperture radar observations present a distinguished gradient feature in FR near the midlatitude

ionospheric trough.

from a NASA station in Fairbanks, Alaska, as part of the
International GPS Service (IGS) network. From GPS dual-
frequency phase measurements, one can derive TEC and
rate of TEC (ROT) change or rate of TEC index (ROTI)
[e.g., Pi et al., 1997], the latter being an indicator of irreg-
ular ionospheric structures. Figure 4 presents such iono-
spheric measurements taken from a GPS receiver-to-satellite
radio link (the pseudorandom number (PRN) of the GPS
satellite is 8) during the ALOS pass. The GPS data show
structured TEC enhancements in the adjacent regions of
ALOS pass at the time and associated ionospheric irregu-
larities. The magnetic and GPS measurements as well as
the characteristics of PALSAR FR images indicate that the
enhanced FR arcs are associated with auroral arcs during the
geomagnetic storm.

4.2. Tonospheric Gradient in the Midlatitude Trough
Region

[20] The midlatitude ionospheric trough is a region of
depleted electron density nominally near the 60° magnetic
latitude [e.g., Muldrew, 1965; Liszka, 1965]. The region is a
footprint of the plasmapause down to the ionosphere along
the magnetic field line. It is the boundary between plasma

convection driven by the coupling of magnetosphere and
ionosphere in the polar region and ionospheric corotation
with Earth at lower latitudes. The formation of the trough is
believed to be due to a combined effect of convection
electric field in the polar region and local chemical recom-
bination [e.g., Schunk et al., 1975; Spiro et al., 1978], and
the former can be significantly enhanced during disturbed
space weather events. The characteristics of the trough can
be described as: (1) its width can be a few degrees wide in
latitude; (2) the latitudinal gradient of electron density
around the trough is sharp; (3) it extends in the magnetic
longitude direction; and (4) the trough can move to lower
latitudes under disturbed space weather conditions.

[21] Figure 5 presents FR measurements in the same
layout as in Figure 2 but for a North America region near
284°E longitude between 44.4°N and 48.4°N geographic
latitudes. The corresponding invariant magnetic latitudes are
55.3°N and 59°N, and the northern edge is near the nominal
region of the middle-latitude trough. The measurements
were taken on 23 May 2007 for an ascending pass at about
0314 UT, covering about ~30 x 480 km”. The image res-
olution is reduced to about 486 and 146 m after applying the
smoothing. The image shows clear FR gradient in the lati-

FR [deq]
1.69 181 193 205 217 2.29
e ——

%2'00 jv‘,\/\,/v VAN
2190 - —
170
31.5 320 33.0 335 34.0

25
Geographic Latitude [deq]

Figure 6. (top) The 2- and 1-D Faraday rotation (FR) derived from polarimetric data taken by PALSAR
on board ALOS in an ascending orbit pass (from lower to higher latitudes; see Figure 1c) over Japan on
1 July 2006. (bottom) The 1-D FR is extracted from the image center (similarly as in Figure 2). The
synthetic aperture radar observations show wave-like perturbations in FR or total electron content
associated with traveling ionospheric disturbances in the region during the evening.
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Figure 7. (left) Factor (B cos ) is computed using International Geomagnetic Reference Field with the
ALOS spacecraft attitude information as well as observation geometry. (right) Total electron content
(TEC) is converted from the Faraday rotation images shown in Figure 6 (around 32.6°N).

tude direction, and the gradient becomes steeper at the
higher-latitude end. The ratio of FR/latitude reaches about
0.24 near the northern end where the trough is nominally
located. This gradient increase must be due to TEC change
in the region since horizontal variations of the ambient
geomagnetic field and radar observation look angle are
negligible within the radar scenes. We also notice that there
are curved depletion strips across the FR image such as the
one near 45.3°N latitude. Similar strips appear at about
44.5°N and 44.7°N. Examining the surface targets, we
identified that these depletions are results of rivers and a
lake in Ottawa and Rockville, Canada, respectively, which
contaminate the Faraday rotation measurements.

4.3. Midlatitude Traveling Ionospheric Disturbances

[22] Figure 6 shows 2-D FR derived from polarimetric
data for six radar images collected over an ascending pass of
ALOS over Japan at about 1334 UT on 1 July 2006. The
resolution of each image is reduced to about 2 km in each
dimension after applying smoothing to remove noise. The
black edges in each image are due to setting zero to non-
smoothed values on the edges, which become more apparent
as more data samples are used in smoothing for each pixel.
The pronounced feature in this case is a wave-like structure
in the intensity of FR, such as a wide peak near 33°N (refer
to 1-D plot in Figure 6 (bottom)) that is companied by
troughs on two sides. Roughly measuring distance between
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TEC [10'%/m?]

0.2

44 146 148

Figure 8. Traveling ionospheric disturbances in total elec-
tron content (TEC) perturbations were observed on 1 July
2006 using the GPS Earth Observation Network of Japan
(image courtesy of Akinori Saito, Kyoto University). The
PALSAR pass at the same time is referred to (see Figure 1)
in a region enclosed by 130-132°E and 31-34°N.

the FR peak and trough, we estimate the perturbation
wavelength to be on the order of about 200 km.

[23] We also present TEC images derived from FR images
for this case. Deriving TEC requires the specification of
(B cos ), which is computed using IGRF and the spacecraft
attitude as well as observation geometry. Figure 7 shows
examples of the (B cos #) factor and TEC images derived
from the third and fourth FR images (from left) shown in
Figure 6. In these examples, (B cos ) varies from 0.273

FR
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to 0.283 Gauss and TEC varies from 7.7 to 8.83 TECU
(1 TECU = 10'¢ electrons/m?).

[24] This East Asia or west Pacific region is an interesting
region where frequent activities of atmospheric gravity
waves (AGWs) and traveling ionospheric disturbances have
been reported [e.g., Saito et al, 2001]. AGW is a phe-
nomenon that perturbations in the atmosphere can propagate
upward and horizontally owing to interplay of gravity and
atmospheric buoyancy forces [e.g., Hines, 1964]. The
atmospheric perturbations can be triggered by various pos-
sible sources, including (not limited to) earthquakes,
tsunamis, and hurricanes. Some of these waves can pene-
trate into the thermosphere causing TIDs in the F region of
the ionosphere.

[25] To investigate the perturbations seen in the SAR
images, we have also examined GPS data collected using
the GPS Earth Observation Network (GEONET) in Japan.
GEONET stations have been installed all over Japan, and
the network consists of more than 1200 stations. The aver-
age spacing of the GEONET stations is about 25 km. The
GPS receivers at these stations are of dual-frequency geo-
detic survey type. TEC data derived from such GPS mea-
surements are an excellent resource to compare with
PALSAR images owing to the dense sampling. Examining
the TEC measurements made using GEONET on the same
day, we have identified southwest propagating TIDs
occurred for at least a couple of hours during which ALOS
passed over Japan when local time was about 2223
(ascending pass). Figure 8 shows an example of TEC per-
turbations observed using GEONET a few minutes before
the ALOS pass. Further examining the GPS data, we notice
that wave-like TEC perturbations in the entire region are on
the order of 1 TECU (peak to trough). This corresponds to
about 0.23 degrees in FR for the PALSAR measurements in
this region. These values are close to but slightly smaller
than the radar measurements shown in Figures 6 and 7. The
differences seem to be due to the detrending done in the
GPS TEC data while there is no detrending in the SAR data.
This is verified after we remove the background trend on

eq]
0 0.38

Faraday Rotation [deg]
LS o
o

29 28 2 26 25
Geographic Lotitude [deg]
ALOS PALSAR Observation LON = 302.7° 02:46:40 UTC 11/18/2007
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e drol b o LW WAA AV.JLN \U. AAS A
e N [l WALV MM N v Ve,
5 .09 v S
- 29 28 -26 25

Geographic Lotitude [de%]7

Figure 9. The 2- and 1-D line-of-sight Faraday rotation (FR) derived from polarimetric measurements
made over Brazil on 18 November 2007 using PALSAR on board ALOS. The 1-D FR values are
extracted from (middle) the center or (bottom) the average of the 2-D image. The data set shows a FR
scintillation event associated with FR or TEC depletion that is captured in synthetic aperture radar images.
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Figure 10a. Relative total electron content (TEC) and rate of TEC derived from GPS data collected from
Brazil (15.95°S, 47.874°W). The observing site is marked by a large solid circle. The GPS observations
on 18 November 2007 from receiver-to-satellite radio links (pseudorandom number (PRN) = 5) show
perturbed TEC structures and TEC depletion in the region, as well as associated signal phase or TEC fluc-
tuations (an indication of ionospheric irregularities). The asterisk indicates the starting point of the GPS
track. The PALSAR observation track from lower to higher latitudes and the time of PALSAR observa-

tion are also marked (see Figure 1).

scales greater than 200 km in the SAR FR images. We
would like to point out that although the stations of
GEONET are very densely distributed, the network spatial
resolution of TEC observations (~25 km) is incomparable
with the spaceborne SAR (2 km to hundreds of meters),
which makes detailed comparison difficult. Nevertheless the
ground-based GPS network provides instantaneous or
snapshot coverage over large regions. The two technologies
nicely compensate each other and help to identify and reveal
interesting ionospheric phenomena. In this case the phe-
nomenon is TID.

4.4. Low-Latitude Plasma Bubbles and Irregularities

[26] Figure 9 shows PALSAR FR measurements for an
ascending pass over Brazil on 18 November 2007. The 2-D
FR images show irregular features between 25.5°S and
28.5°S geographic latitudes, which correspond to 14.8°S
and 17.8°S invariant magnetic latitudes in the 57.3°W lon-
gitude sector. The FR values fluctuate randomly around
—0.7°, as shown in Figure 9 (middle) in which FR values in
the image center is plotted along the satellite orbit track
(northward; see Figure 1d). In Figure 9 (bottom) the FR
values averaged over the cross-track dimension are also

plotted along the satellite track. The mean values show
overall depleted FR in regions where FR fluctuations are
observed.

[27] We attribute the observed FR depletion and associ-
ated FR scintillation to ionospheric plasma bubbles and
irregularities. The equatorial and low-latitude plasma bub-
bles often occur during evening from September through
March in this longitude sector. These bubbles can be
observed as electron density and TEC depletion. It is well
understood through decades of studies that the occurrence of
electron density irregularities in this region is associated
with the evolution of plasma bubbles. The irregularities can
cause amplitude, phase and polarization scintillation in radio
signals propagating through them. The observed FR scin-
tillation and depletion are good examples of such iono-
spheric effects on L band signals.

[28] To provide further evidence, we examined GPS data
collected from the South America stations of the IGS network
and found that there were significant ionospheric irregularity
activities during the evening of interest. Figures 10a and 10b
show examples of line-of-sight relative TEC and rate of
TEC (ROT) derived from GPS data collected from the
BRAZ station (15.95°S, 47.874°W). ROT or its index ROTI
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Figure 10b. Relative total electron content (TEC) and rate of TEC derived from GPS data collected from
Brazil (15.95°S, 47.874°W). The observing site is marked by a large solid circle. The GPS observations
on 18 November 2007 from receiver-to-satellite radio links (pseudorandom number (PRN) = 9) show
perturbed TEC structures and TEC depletion in the region, as well as associated signal phase or TEC fluc-
tuations (an indication of ionospheric irregularities). The asterisk indicates the starting point of the GPS
track. The PALSAR observation track from lower to higher latitudes and time of PALSAR observation

are also marked (see Figure 1).

measures GPS signal dual-frequency phase fluctuations and
is an indicator of ionospheric irregularities [e.g., Pi et al.,
1997]. The measurements shown in Figures 10a and 10b
are obtained by the receiver tracking two GPS satellites
identified by the pseudorandom numbers (PRNS5 and
PRNO). Figure 10a shows TEC depletion and random
fluctuations in ROT about half an hour earlier than the
ALOS pass as the radio link to PRNS satellite intercepted a
region at the same longitude but at lower latitudes. As
ALOS passed by at about 0247 UT, the GPS radio link to
PRN9 satellite detected TEC depletion and ROT scintilla-
tion in a region a few degrees northeast of the ALOS pass as
shown in Figure 10b. In fact, we also found TEC depletions
and ROT fluctuations in other GPS radio links from the
same receiver and other receivers of the network in the
region. Although the GPS radio links do not precisely
intercept the ALOS pass, we believe that the PALSAR
measurements of plasma bubbles and FR scintillation are
part of the ionospheric irregularity activities that occurred
during that evening in the region. This assessment is par-
tially based on the facts that the low-latitude plasma bubbles
occur often in groups, they extend along the geomagnetic

flux tubes cross the magnetic equator and into both hemi-
spheres, and they usually travel eastward in speed on the
order of ~100 m/s. These characteristics have been pub-
lished in many research works, and readers are referred to a
readily accessible book for additional references [e.g.,
Kelley, 2009].

5. Image Resolutions

[20] The sampling spacing of PALSAR polarimetric SLC
data is typically 9.369 and 3.557 m in range and azimuth
(along-track) dimensions, respectively. The corresponding
ground range spacing is about 23.128 m in the cross-track
dimension. The spatial resolutions of a SAR FR image
corresponding to the ground image size approximately
depend on the number of radar looks that are used in
smoothing or averaging to obtain the FR image. The
resolutions are affected by the magnitude of FR or the FR
signal-to-noise ratio. For example, if the surrounding 21 x
41 pixels in the range and azimuth dimensions are used in
obtaining an averaged FR value for each pixel in order to
reduce noise, the spatial resolutions would be about 486 and
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146 m in cross- and along-track dimensions. In the case of
PALSAR, the derived FR shows a level of background
random noise at about 0.3° to 0.5°. Applying smoothing or
averaging, we have obtained unambiguous images of
aurora-associated ionospheric features with resolutions of
about 0.5 km and 150 m in cross- and along-track dimen-
sions, respectively, when FR values are a few degrees. In
some cases, Earth topographic features can contaminate FR
images. Minimizing such noises requires averaging with a
large number of neighboring data points. In the TID case
studied here, for example, the FR image resolution is
reduced to about 2 km in each dimension in order to remove
the noise introduced by topographic features in Japan. This
resolution is fine enough for measuring appreciable
medium-scale TIDs of which typical wavelengths are on the
order of two to four hundred kilometers. We expect that
higher resolutions of ionospheric imaging can be reached
during active solar years when magnitude of ionospheric
disturbances is greater than the solar minimum observations
presented here.

6. Conclusions

[30] This study demonstrates a new technique for 2-D
ionospheric imaging using a spaceborne L band polarimetric
SAR system that is originally designed for land observa-
tions. It has been shown that 2-D Faraday rotation and TEC
images can be derived from the polarimetric SAR data. We
have shown that distinguished ionospheric inhomogeneities
have been observed using the PALSAR on board the
Japanese ALOS satellite. The observed phenomena include
ionospheric enhancement arcs associated with aurora
activities, FR or TEC gradient in the midlatitude trough
region, midlatitude medium-scale TIDs, and plasma bubbles
as well as associated polarization scintillation at low lati-
tudes. The ionospheric perturbations observed by PALSAR
are verified using ground-based GPS receivers and network,
which provide measurements of TEC and irregularities near
the regions of ALOS passes.

[31] Compared with other existing radio technologies, the
ionospheric imaging using spaceborne SAR has great
advantages, including: (1) 2-D images with relatively high
spatial resolutions (subkilometers to kilometers), (2) global
coverage, and (3) cost effectiveness, with one mission for
both land and ionospheric observations. One disadvantage
of the presented polarimetric approach is the need of full
polarization measurements in four components (defined by
polarization orientations of signal transmission and recep-
tion). This demands more sophisticated system than single
or dual polarizations, and high-rate data downlink as well as
large onboard storage. Using Tracking and Data Relay
Satellite System (TDRSS, http://esc.gsfc.nasa.gov/space-
communications/tdrs.html) and infrastructural upgrade of
the ground segment, one could improve the data downlink
significantly to accommodate the observation requirements.
It is also desired to explore techniques that reduce the
requirements of full polarization. Nevertheless we expect
that SAR ionospheric imaging will become a great resource
for future observations of ionospheric inhomogeneities and
will also provide the required ionospheric correction to SAR
and InSAR data for Earth observations.
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