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Fig. 12. Power images of the two ALOS PALSAR image stripes (each consisting of 27 consecutive scenes) acquired across Amazon on (Top)
December 2008 and (Middle) March 2009. The color is from black for −8.5 dB to white for −6.5 dB. The interferometric phase of the interferogram
formed between them is shown at the bottom. The images are scaled in range direction by a factor of 2.5 for better illustration of arc-shaped “stripe” pattern.

Fig. 13. Height and velocity estimation results obtained from the (Top)
December 2007 and (Bottom) May 2008 data sets. The solid lines indicate
height and the dashed lines indicate the eastward velocity. The line segments
in the background are the projected geomagnetic field lines onto the vertical
plane. The geomagnetic dip angles are indicated by the contours.

B. Results

Despite the variation of the geometry across the whole range
of the 1600 km, the proposed methodology provides robust
velocity and height estimates for both acquisitions. The results
are shown in Fig. 13. The height estimates are indicated by
the solid, and the range-projected drift velocity estimates by
the dashed lines. The gray lines in the background indicate
the geomagnetic field projected onto the vertical plane bearing
the azimuth direction at the center of each line. The vertical
contours indicate the geomagnetic dip angles. Note that the
ionospheric phenomena are often symmetric with respect to
the geomagnetic equator, but not with respect to the apex of
the “stripe” pattern.

The height estimates are distributed between
200 and 400 km, and the velocity estimates are in most cases

less than 200 m/s. Both are physically adequate values. For the
December 2008 data, the height estimates are slightly above
250 km and lower where the “stripe”-pattern diminishes. The
velocity estimates are stable with values around 150 m/s with
a slightly decreasing trend, and decrease rapidly just before
the “stripe”-pattern disappears. This might indicate a net
downward motion of the true (before the projection onto the
range direction) drift velocity vector.

For the 2009 March data, the obtained height estimates
vary with in a range of about 150 km. The velocity estimates
show in general a decreasing trend. A noteworthy point of
this data set is that the estimation results can be grouped into
two parts: the first part extends from −800 to 200 km: in
this range the velocity estimates are decreasing, but the height
estimates show a decreasing at the early half and increasing at
later half with a symmetric behavior around the geomagnetic
equator (zero dip angle). The second part ranges from 200 km
until the end of the sequence. The height estimates decrease
while the velocity estimates remain constant at far lower levels
than in the first part. Looking at the power image shown
in Fig. 12, one may see the interferences of “stripe” patterns
of slightly different stripe angles at around 200 km become
visible. This is an evidence for a multilayer structure of the
ionospheric irregularities in the equatorial spread F.

C. Validation With Ground-Based Measurements

Although the Amazon data set provides ionospheric height
and drift estimates in a physically plausible range and rea-
sonable spatial distributions in a wide range of latitudes,
there is no direct validation. For this, two ALOS PALSAR
acquisitions, the first acquired on January 19th, 2008 at
3:50:25 (scene ID ALPSRP105766950), and the second
on February 27th, 2010 at 3:57:24 UTC (scene ID ALP-
SRP218086950), over the Peruvian Andes, both affected
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Fig. 14. Location of the two ALOS acquisitions used for the validation
with the Jicamarca ground-based radar measurements. The location of JRO is
indicated by the cross (×). Global self-consistent, hierarchical, high-resolution
shoreline database is used for the Coastline mapping [18].

by strong amplitude “stripe” patterns, have been identi-
fied and analyzed. Their locations are shown in Fig. 14.
Nearby, the Jicamarca Radio Observatory (JRO) (its location
is indicated by × in Fig. 14) provides ionosonde measure-
ments of the ionospheric altitude and drift. The data are
accessed through the Global Ionospheric Radio Observa-
tory (GIRO) [19].

The hmF2 measurements provided through GIRO are
acquired by Digisonde ionogram [19] and used for the valida-
tion of the height estimates. The drift velocity measurements
provided through GIRO are also derived from the Digisonde
ionogram measurements [19]. Both of the height and the
velocity measurements are available in a 15-min interval. For
validation, five successive measurements performed around the
ALOS acquisition times are used. As the ionospheric drift
measurements from GIRO are provided in terms of east–
west, north–south, and vertical components, they need to be
projected into the side-looking radar geometry. The first step
is to project the velocity vector onto the ionospheric horizontal
plane along the propagation vector in the same way as in (1)
that leads to �v‖ = �v − ((n̂ · �v)/(v̂ · κ̂))κ̂, where �v is the
measured velocity vector, and �v‖ is its projection onto the
horizontal plane. In a second step its projection onto the
range direction along the geomagnetic field �B is required
because only the range direction displacement of the stripes
is estimated, and the stripes are assumed to be aligned to the
geomagnetic field line. The velocity to be compared becomes

�v⊥ = �v‖ − �v‖ · â
�B · â

�B (15)

where â = ((�vsat)/(|�vsat|)) is the unit vector along the azimuth
direction. The values used for the validation along with the
original measurements from Digisonde are shown in Table I.

Fig. 15 shows the validation results. The format is the same
as in Fig. 9. The green background is the scalar solution field.
The yellow band indicates the solution space for the displace-
ment condition [i.e., sum of (13) and (14)], and the orange
band indicates the solution space for the stripe angle condition
[i.e., sum of (11) and (12)]. The intersection of the two solution
spaces is then interpreted as the estimation of the ionospheric
altitude and the range-projected drift velocity. Although the
two conditions are very close to each other and quite parallel
in both of two SAR acquisitions, they do intersect. While the
2008 data shows an excellent agreement between the ground
measurements and the SAR-based estimation, the 2010 data
do not fit the ground measurements: The drift velocity is
strongly underestimated. A possible explanation for this is the

TABLE I

IONOSONDE MEASUREMENT OF JRO [16] DURING
COINCIDING ALOS ACQUISITIONS

Fig. 15. Estimation of ionospheric altitude and drift speed (Left)
for the 2008 scene (scene ID ALPSRP105766950) and (Right) for the
2010 scene (scene ID ALPSRP218086950). The reddish dots are the mea-
surements from JRO performed every 15-min for an hour interval.

existence of a second ionospheric layer, which superimposes
second series of “stripe” pattern and ridges with different
directions on the SAR image and the cross correlation map,
respectively. These perturb the estimates of the stripe angle
and displacement from the cross correlation map. The possible
multilayer interpretation might explain the rapid change of the
ionospheric height of about 100 km observed in the Digisonde
measurements (see Table I).

In order to verify the assumption of a multilayered
ionospheric structure, the cross correlation map of the
2010 data is further analyzed. Indeed, the (cross correla-
tion) map shows the interference of two “stripe” patterns
with different stripe angles (see Top left image of Fig. 16),
which are separable in the frequency domain (see the Top
right of Fig. 16). In order to parameterise the anisotropy of
the spectral power distribution, its orientation dependence is
estimated (see the bottom of Fig. 16). As the cross correlation
map is real numbered, only an angle between −180° and 0°
is analyzed. A zoomed-in-view from −30° to −15° around
the peak spectral power is shown. The spectral power is
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Fig. 16. (Top left) Cross correlation map, (Top right) Its Fourier transform,
and (Bottom) the power distribution with respect to the orientation. The two
superimposed “stripe”- patterns in the cross correlation map correspond to the
two predominant orientations found at −24° and −20°. Two sectors around
the local spectral power peaks indicated red and blue are used for estimating
the height and velocity of the two layers.

Fig. 17. Estimation of two-layer ionospheric altitude and drift speed from the
2010 scene (scene ID ALPSRP218086950) (Left) for the blue sector (layer 1)
and (Right) for the red sector (layer 2) (see Fig. 15). The red dots are the
measurements from JRO performed every 15-min for an hour interval.

mainly concentrated around −24°, but also a secondary peak
is evident at −20°. Two pairs of sectors located around the
two peaks, marked by blue and red, respectively, are inverse
Fourier transformed, and then used for the height and velocity
estimation, independently.

The stripes angle i ′ from the blue sector is −24°, and that
from the red sector is −20.5°. They agree with the center
orientations of each sector. The displacement estimates vary;
in the blue sector, D = 365 m per a 16th azimuth subband,
while in the red sector, D = 274 m. In the single-layer
estimates, i ′ = 24° and D = 361 m, only the dominant peak
power from the blue sector is represented.

The inversion results are shown in Fig. 17. The blue sector
estimates the ionospheric height at hiono = 345 km and
(projected) drift velocity of v⊥ = −43 m/s. The height

Fig. 18. RTI measurements by JULIA converted to the SAR acquisition
geometry by means of (16) for ALPSRP218086950 data take.

estimate is similar to the full-band estimate (single-layer,
hiono = 353 km), but the velocity estimate is now more
realistic (single-layer, v⊥ = −99 m/s). The inverted height
and drift velocity from the red sector are hiono = 231 km
and v⊥ = 246 m/s. They are significantly different from the
full-band estimates, and the velocity estimate appears to be
strongly overestimated. However, the height estimates from
the two sectors are within the range of heights provided by
the ground measurements. As the yellow and orange solution
bands are vertically oriented and quite parallel to each other,
the velocity estimates (y-coordinate) become unstable, while
the height estimates are relatively robust.

The equatorial spread F over the JRO is also moni-
tored by measuring the Bragg-scattering from the irreg-
ular ionospheric structures at 50 MHz by the Jicamarca
Unattended Long-term Investigations of the Ionosphere and
Atmosphere (JULIA) instrument [2], [20]. JULIA records
the range-time-intensity (RTI) measurements overnight [20].
For the validation of the SAR-derived ionospheric height
estimates, JULIA’s RTI measurements are converted to spatial
maps by converting time t to longitude λ

λ = (t − t0)ω + λ0 (16)

where λ0 is the longitude of JRO, t0 is the ALOS PALSAR
acquisition time, and ω = 7.292 × 10−5 s−1 is the angular
velocity of earth’s rotation. This conversion reconstructs the
spatial distribution of the ionospheric irregularities at the
ALOS scene acquisition time t0. It is exact at λ0 (=t0), and
becomes more and more inaccurate with changing longitude
as the measurements at an latitude λ do not longer correspond
to the scene acquisition time t0, but to a previous (or later)
(λ − λ0)/ω [21].

Fig. 18 shows the ionospheric irregularities measured by
JULIA during the ALOS PALSAR (ALPSRP218086950)
acquisition time according to (16). It is a xy plane cross
section in an earth-centered, earth-fixed (ECEF) coordinate
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system where the z-coordinate corresponds to the latitude of
the JRO. The arc on the top represents the cross section of
the earth’s surface, and the altitude contours are given by the
dashed contours. As the plane is seen from north to south,
the east direction is on the right and the west direction on
left. The satellite location at the acquisition time and the
scene center are not placed in the xy plane hosting JRO. The
“+” indicate the projections of the satellite and the scene
center on the xy plane, respectively, while the “×” indicates
the projection of the scene center on the earth’s surface on
the xy plane. The JULIA measurements are performed along
the normal direction at JRO, which also lies not on the
xy plane. But as the ionospheric irregularities are aligned to
the geomagnetic field which is almost perpendicular to xy
plane at this latitude, the RTI map on xy plane has only small
deviations. The longitude varies 10° in Fig. 18, corresponding
to 40 min of earth’s rotation.

In Fig. 18, the LOS of ALOS PALSAR intersects the
ionospheric irregularities three times at 100, 220–270, and
350 km. The highest two layers are coinciding to the height
estimates from the blue and red sectors, respectively. It is not
clear why the thick and stronger middle layer (at 220–270 km)
contributes with a weaker spectral power (see Fig. 16). The
lowest irregularity layer appears consistently in most of the
JULIA’s measurements compared for this study and is not
considered as a genuine disturbance source. At the same
time, JULIA also measures the horizontal components of drift.
However, because of its noisy behavior at this night, the
velocity estimates are not compared.

V. CONCLUSION

A methodology to estimate the height of the “active”
ionospheric layer and the drift velocity of the postsunset
scintillations in the equatorial F region from the “stripe”-
patterns induced in SAR images has been proposed and
validated against reference measurements. First, the detection
and “straightening” of the “stripe” patterns has been addressed.
The detection of “stripe” patterns in many of the ALOS scenes
investigated indicates that many more of the SAR images
acquired in the equatorial postsunset sector are affected by
scintillations than up to now assumed. In a second step, the ori-
entation of the “stripe” pattern and its displacement across
azimuth subband images has been interpreted by mapping the
ionospheric irregularities and their drift into the SAR image
geometry. Based on this the inversion equations for the height
of the “active” ionospheric layer and the drift velocity of the
scintillations have been established.

The obtained height estimates range between
100 and 350 km: 300 km (decreasing to 100 km at
diminishing northern part) for the Amazon 2008 data set,
250–350 km for the Amazon 2009 data set, and 230–330 km
for the Jicamarca data sets. The drift velocity estimates range
between 100–200 m/s: 100–200 m/s for the Amazon data sets
in 2008 and 2009, and 100 m/s for the Jicamarca 2008 data
set and are in a good agreement with the estimates of previous
studies (ca. 100 m/s around LT 22:30 [11] or up to 200 m/s
measured in [4]). However, the Jicamarca 2010 data set
shows a significant deviation: The single-layer (i.e., full-band)

estimation yields −100 m/s, while when assuming a two-layer
ionosphere drifts of −50 and 250 m/s are obtained. The first
one is too small and the second one is too large.

At the equator, for the right-looking ascending case the
downward motion of the plasma irregularities compensates
its eastward motion, while the upward motion exaggerates.
Previous studies show that in the postsunset sector, the pre-
dominant vertical motion is downward (−20 to −30 m/s
around 22:30 LT [11] and also in Table I). Therefore the
range projected drift velocity is expected to be smaller than the
eastward velocity of 100 to 200 m/s. The estimates obtained
in this paper are in general, slightly larger than the ones
reported in the literature. One possible explanation for this
may be that the velocity measurement becomes instable when
the geomagnetic field angle i becomes larger than ca. 10°
and (11)–(14) becomes too similar. This may be the case for
the Jicamarca 2010 data where the geomagnetic field angle
i = 12.2° at 350 km. For the Amazon data set the geomagnetic
field angle varies within [−10°, +10°] (see Fig. 11) allowing
the reliable velocity estimation.

A different possibility to interpret the obtained overesti-
mates of the drift velocity is the decoupling of the ambient
plasma and plasma irregularities. As the ambient ionosphere
moves downward, the plasma irregularity ascends due to its
lower density. Because the “stripe” patterns are associated with
the low density plasma irregularities, the decoupled ascending
irregularities might explain the overestimation of the drift
velocity obtained.

The obtained results indicate the potential of space-borne
SAR configurations toward the parametric monitoring of
ionospheric structure and dynamics. However, due to their
band-limited nature SAR configurations are sensitive only to
a subset of the ionospheric structures. The diffraction pattern
seen by a given SAR configuration is, at a certain range of alti-
tudes, optimized to a given horizontal spectral component of
the ionospheric irregularities. The understanding about which
component of the ionosphere is responsible for which effect in
the SAR image is not complete and remains to be established.
For example, Carrano et al. [9] proposed, based on results of
the spectral index analysis, a bottom side irregularity as the ori-
gin of the “stripe” pattern. However, the obtained height esti-
mates of 300 km in our study indicate that the potential origin
is higher than the bottom layer. Dedicated experiments com-
bining SAR data acquisition with simultaneous ionospheric
measurements are required to answer these questions.
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