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Mapping of High-Spatial-Resolution
Three-Dimensional Electron Density
by Combing of Full-Polarimetric SAR
and IRI Model
Wu Zhu, Jing-Yuan Chen*, Qin Zhang and Jin-Min Zhang

College of Geology Engineering and Geomatics, Chang’an University, Xi’an, China

Retrieval of ionospheric parameters from spaceborne synthetic aperture radar (SAR) and

SAR interferometry observations has been developed in recent years because of its

high spatial resolution. However, current studies are centered on the one-dimensional

or two-dimensional ionospheric parameters, and there is a lack of retrieving

three-dimensional ionospheric electron density. Based on this background, this study

proposes an efficient method to map high-spatial-resolution three-dimensional electron

density by combing of the full-polarimetric SAR images and International Reference

Ionosphere (IRI) model. For a performance test of the proposed method, two L-band

Advanced Land Observation Satellite Phase Array L-band SAR full-polarimetric SAR

images over Alaska regions are processed. The high-spatial-resolution ionospheric

parameters, including vertical total electron content and three-dimensional ionospheric

electron density, are reconstructed over the study area. When comparing with the

electron density derived from Poker Flat Incoherent Scatter Radar (PFISR) system, it is

found that the IRI-derived electron density is obviously improved, where the standard

deviations of differences between PFISR and IRI decrease, respectively, by ∼2 and

1.5 times compared to those before the correction, demonstrating the reliability of the

proposed method. This study can help us better understand the characteristics of

ionospheric variation in space.

Keywords: polarimetric synthetic aperture radar, Faraday rotation, three-dimensional electron density,

International Reference Ionosphere (IRI), vertical total electron content

INTRODUCTION

The ionosphere, extending from ∼60 to 1,000 km above the earth’s surface, is an important
part of the solar–terrestrial space environment (Davies and Smith, 2002; Hunsucker and
Hargreaves, 2007). To better understand and characterize the ionosphere, it is necessary to
observe the ionospheric parameters such as total electron content (TEC) and three-dimensional
electron density (Mannucci et al., 1999; Wang et al., 2019). Several methods and models
have been developed to observe these parameters, such as global navigation satellite system
(GNSS) (Yao et al., 2018); constellation observing system for meteorology, ionosphere, and
climate (COSMIC) (Pedatella et al., 2015); ionosonde (Galkin and Reinisch, 2011); incoherent
scattering radar (ISR) (Liu et al., 2019); coherent scattering radar (Paula and Hysell, 2004); and
International Reference Ionosphere (IRI) model (Bilitza et al., 2017). However, a challenge to the

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2020.00181
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.00181&domain=pdf&date_stamp=2020-06-23
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:2018126022@chd.edu.cn
https://doi.org/10.3389/feart.2020.00181
https://www.frontiersin.org/articles/10.3389/feart.2020.00181/full
http://loop.frontiersin.org/people/846042/overview
http://loop.frontiersin.org/people/1003325/overview
http://loop.frontiersin.org/people/1003431/overview
http://loop.frontiersin.org/people/1003333/overview


Zhu et al. Three-Dimensional Electron Density From SAR

current methods and models is the low spatial resolution, leaving
it difficult to analyze the ionospheric spatial variations (Takahashi
et al., 2014).

As an advanced space observation technique, synthetic
aperture radar (SAR) imagery has demonstrated its potential
in mapping the high-spatial-resolution ionospheric parameters
(Li and Li, 2008; Jehle et al., 2010; Fattahi et al., 2017).
When SAR signals travel through the ionosphere, they interact
with the electrons and the magnetic field with the result that
additional time delay, phase advance, and polarization changes
are produced (Zhu et al., 2016). By means of this phenomenon,
the ionospheric parameters can be estimated from SAR and
SAR interferometry (InSAR) observations (Wang et al., 2017).
Meyer et al. (2006) successfully developed a method to map
the TEC distribution by using SAR interferograms. This method
exploited the differences in sign between range group and phase
delays caused by the ionosphere. According to the relationship
between Faraday rotation (FR) angle and ionosphere, Pi et al.
(2011) mapped the vertical TEC (VTEC) distribution from the
Advanced Land Observation Satellite (ALOS) full-polarimetric
SAR images. Ji et al. (2018) improved the procedure of the FR
angle estimation through establishing a trans-ionospheric wave
propagation model. The observed VTEC maps clearly showed
the ionospheric irregularities, which may be associated with
some natural phenomena and human activities, such as aurora
(Maltsev et al., 1974), earthquake (Liu et al., 2006; Kuo et al., 2011;
Le et al., 2011), volcanoes (Dautermann et al., 2009), and nuclear
explosions (Obayashi, 1962). Rosen et al. (2010) proposed
an ionospheric estimation method based on a multifrequency
split-spectrum processing technique. This method exploited the
dispersive nature of radar signals in estimating the ionospheric
signals. Based on this method, Wang et al. (2014) proposed
a triband path delay technique to retrieve the TEC and then
evaluated it through simulation, and Kim and Papathanassiou
(2014) investigated a set of ionospheric parameters by exploring
range and azimuth subbands in SAR imagery. (Maeda et al.,
2016) imaged the kilometer-scale fine structures of midlatitude
sporadic E plasma patches by an interferogram from ALOS data
over southwestern Japan, revealing a detailed horizontal structure
of sporadic E. Mannix et al. (2017) and Belcher et al. (2017)
calculated the ionospheric scintillation parameters through
analyzing SAR phase variations of the corner reflectors and
showed the consistent results with the GNSS-derived parameters,
demonstrating the feasibility of ionospheric parameters derived
from SAR images.

Although intensive research of retrieving the ionospheric
parameters from SAR and InSAR has been carried out, most
of it is centered on the one- or two-dimensional ionospheric
parameter. Retrieval of three-dimensional ionospheric electron
density from SAR and InSAR has not been well-studied. Based on
this background, the aim of this article is to develop an efficient
method to map the high-spatial-resolution three-dimensional
ionospheric electron density. For this, a method of combing of
polarimetric SAR and IRI model is proposed in this study. The
proposed method is composed of three steps: first, the FR angle is
calculated from the full-polarimetric SAR images; then, the high-
spatial-resolution VTECmap is estimated from the calculated FR

angle; finally, the three-dimensional ionospheric electron density
is reconstructed by using the SAR-derived VTEC and IRI-derived
electron density. For a performance test of the proposed method,
two L-band ALOS full-polarimetric SAR images over Alaska
regions are processed. Meanwhile, ISR-derived electron density
is collected to validate the results.

METHODOLOGY

Figure 1 shows the flowchart of the proposed method to map the
high-spatial-resolution three-dimensional electron density. The
detailed processing approaches are described below.

Estimation of the FR Angle From SAR
Images
For a linear polarization SAR system, the measured scattering
matrix M can be written as follows (Freeman, 2004):

M = AejΦRTRFSRFT + N

M =

[

Mhh Mvh

Mhv Mvv

]

,RF =

[

cos� sin�

− sin� cos�

]

, S =

[

Shh Svh
Shv Svv

]

,

RT =

[

1 δ1
δ2 f1

]

,T =

[

1 δ3
δ4 f2

]

,N =

[

Nhh Nvh

Nhv Nvv

]

(1)

where RF is a one-way FR matrix; � is the FR angle; S is the
true scattering matrix; R and T are the receiving and transmitting
distortion matrices, respectively; f 1 and f 2 are the channel
imbalance (the complex ratio of signals vertical (V)/horizontal
(H) on receive and transmit, respectively); δ1, δ2, δ3, δ4 are the
complex antenna crosstalk terms resulting from the incomplete
isolation of H and V polarizations on transmit and receive; A
is the overall gain of radar system, which is a function of radar
range and elevation angle; ejΦ corresponds to the roundtrip phase
delay and system-dependent phase effects on signal; and N is an
additive noise term due to earth radiation, thermal fluctuations in
the receiver, and digitization noise (Freeman, 2004). A calibration
technique applied to SAR data can correct the system-dependent
terms of A, ejΦ , R, and T in (1) (Meyer and Nicoll, 2008).
Furthermore, filtering methods, such as boxcar, band-pass, and
low-pass filters, can be used to suppress the additive noise N.
After these calibrations, the measured scattering matrix M can
be reformed as given by

M = RFSRF (2)

After expanding (2) and invoking true backscatter reciprocity
(Shv = Svh), the components of matrix M can be defined
as follows:

Mhh = Shhcos
2� − Svvsin

2�,

Mvh = Shv + (Shh + Svv) sin� cos�,

Mhv = Shv − (Shh + Svv) sin� cos�,

Mvv = Svvcos
2� − Shhsin

2� (3)

For cross-polarization, a non-zero FR angle means that the
measured scattering matrix will not be invertible (Mvh 6=
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FIGURE 1 | The flowchart of the proposed method.

Mhv). Suppose that FR angle is the only error source, and full-
polarization SAR data is available, and then the FR angle can be
easily estimated from (3). A robust algorithm has been proposed
to estimate the FR angle through circular polarization scattering
matrix Z (Bickel and Bates, 1965), as given by

Z =

[

ZRR ZRL
ZLR ZLL

]

=

[

1 j
j 1

]

×

[

Mhh Mhv

Mvh Mvv

]

×

[

1 j
j 1

]

(4)

ZLR = Mvh −Mhv + j× (Mhh +Mvv) (5)

ZRL = Mhv −Mvh + j× (Mhh +Mvv) (6)

From (3) and (4), FR angle Ω can be calculated by

� = −
1

4
× arg(ZRL × Z

∗

LR), for −
π

4
< � <

π

4
(7)

where arg denotes the argument of a complex number, and ∗

represents the complex conjugate. From (7), estimation of the
FR angle becomes a phase estimation problem, which is a well-
understood problem in radar polarization. Further, a reduction
in noise is required in order to increase the quality of FR angle
estimation. Some filtering methods can be used for the reduction.

Estimation of VTEC Distribution From SAR
Images
The magnitude of FR angle �, for a wave of frequency f, traveling
vertically one way through the ionosphere can be expressed as
(Quegan and Lamont, 1986):

� =

∣

∣e3
∣

∣

8π2cε0m2
·
B · cos θ · secφ · VTECSAR

f 2

=
2.365× 104 · B · cos θ · secφ · VTECSAR

f 2
(8)

where e and m are the charge and mass of an electron,
respectively; c is the speed of light; ε0 is the permittivity of free
space; B is the intensity of earth’s magnetic field, which can be

calculated from geomagnetic field data, such as international
geomagnetic reference field (IGRF) data; θ is the angle between
the magnetic field and satellite pointing vector; φ is the SAR
incidence angle; B · cos θ · secφ is the magnetic field factor at
a constant height (e.g., 400 km); and f is the radar frequency.
Generally, the value of B · cos θ · secφ depends on the geographic
coordinates, orbit, and imaging geometry of satellite and can
be calculated from Wright et al. (2003). Once the FR angle is
determined by (7), SAR-derived VTECSAR is calculated by.

VTECSAR = � ·
f 2

2.365× 104 · B · cos θ · secφ
(9)

Reconstruction of Three-Dimensional
Electron Density
International Reference Ionosphere is an empirical model based
on real observation data combined with various ionospheric
patterns, which can provide of global ionospheric parameters,
such as ionospheric electron density (Bilitza et al., 2017). After
obtaining the electron density with different altitude from IRI
model, the IRI-derived VTEC is calculated by

VTECIRI =

Hmax
∑

h=Hmin

Ne(h) (10)

where VTECIRI is the IRI-derived VTEC, Ne(h) is the electron
density at an altitude of h km,Hmin, andHmax is, respectively, the
minimum and maximum altitude when calculating the VTECIRI ,
∑

represents the operation of summing. As an empirical model,
the IRI-derived electron density and VTEC is strong dependence
on the underlying database, which means that regions and time
periods not well-covered by the database will result in diminished
reliability of themodel in these areas. Thus, the corrected electron
density could be obtained through combing of SAR-derived
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FIGURE 2 | The collected datasets in this study. (A) The SAR data, where the black and red rectangles display the spatial coverages of SAR images, and the yellow

star shows the locations of incoherent scatter radar (ISR) station; the electron density profiles from IRI (blue points) and ISR (red points) observations at SAR-acquired

time on August 6, 2010 (B), and March 31, 2011 (C).

TABLE 1 | Parameters of synthetic aperture radar (SAR) data in this study.

No. Path Frame Date Orbit direction Azimuth angle (◦) Incidence angle (◦)

1 618 250–320 06/08/2010 Descending −163 24

2 245 270–340 31/03/2011 Ascending −15 23

VTEC and IRI model:

N̂e(h) = Ne(h) × (1+
1VTEC

VTECIRI
) (11)

1VTEC = VTECSAR − VTECIRI (12)

where N̂e(h) is the corrected electron density at an altitude of h
km, and 1VTEC is the difference between SAR-derived VTEC
and IRI-derived VTEC. The sum of the corrected electron density
should be satisfied by

Hmax
∑

h=Hmin

N̂e(h) = VTECSAR (13)

After this operation, the improved high-spatial-resolution three-
dimensional ionospheric electron density is mapped.

DATA COLLECTION

Two L-band full-polarimetric ALOS-1/Phase Array L-band
SAR (PALSAR) images acquired on August 6, 2010, and
March 31, 2011, are collected in this experiment. Figure 2A

and Table 1 show the coverage and parameters of these
SAR images, respectively. Using the collected SAR data, the

high-spatial-resolution FR angle and VTEC distribution are

estimated at 21:05:47 (UT) on August 6, 2010, and 07:27:38
(UT) on March 31, 2011, respectively. Meanwhile, the IRI-

derived electron density data at the SAR-acquired time are
collected from the IRI-2016 empirical model, which is the
latest version of IRI. To keep the spatial consistency between
SAR and IRI data, the IRI-derived electron density map
is resampled to the SAR geographical coordinate system.
Once SAR-derived VTEC and IRI-derived electron density
are ready, the corrected electron density is reconstructed by
(11). Additionally, ISR-derived electron density data at SAR-
acquired time are collected from Poker Flat Incoherent Scatter
Radar (PFISR) system with purpose of validating the corrected
electron density. The PFISR system, located in central Alaska
(69◦N, 147◦W), provides of near-continuous electron density
measurements obtained over a ∼3-year period, 2010–2013
(Negale et al., 2018). Figures 2B,C show the comparison of
electron density between IRI and ISR on August 6, 2010,
and March 31, 2011, respectively. It is observed that they
are not always consistent, particularly for Figure 2C. As
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FIGURE 3 | The SAR-derived FR angle maps on August 6, 2010 (A), and March 31, 2011 (B), where the FR angle profile along the lines a-a′ of (A) and b-b′ of (B) is

shown in (C).

mentioned previously, this inconsistency is mainly due to the
lack of enough underlying database for IRI to calculate the
electron density.

EXPERIMENT AND ANALYSIS

SAR-Derived FR Angle Distribution
For the collected SAR data with raw format (L0 level), they

are processed to the single-look complex (SLC) format. During

this procedure, the system-dependent terms of A, ej8, R, and T

in (1) are calibrated (Freeman, 2004; Meyer and Nicoll, 2008;
Shimada et al., 2009). Then, measured scattering matrices M

are formed from the full-polarimetric SLC data. The linear
polarization scattering matrix M is transformed into circular

polarized scattering matrix Z based on (4), and complex matrices

of ZLR × Z∗
RL are created. For suppressing the noises and

preserving the same ground resolution in both of range and
azimuth directions, multilooking operation of complex image

with 2 looks in the range direction and 14 looks in the azimuth
direction is applied to the ZLR × Z∗

RL. To reduce phase noise, the
Goldstein adaptive filter with a window size of 32 is applied to the
multilooked data (Baran et al., 2003). Finally, The SAR-derived
FR angle maps on August 6, 2010, and March 31, 2011, are
produced, as shown in Figure 3.

Figure 3A represents the spatial distributions of estimated FR
angles on August 6, 2010. The statistics show that the mean
value and standard deviation of FR angles are, respectively, 2.6◦

and 0.28◦ in Figure 3A. The small standard deviation suggests
the absence of severe fluctuation of FR angles in space and
relative quiet FR distribution over the study area. Because the
system-dependent terms and noise have been calibrated and
mitigated, the estimated FR angles in Figure 3A are primarily
introduced by the ionosphere. Therefore, the relative quiet
ionospheric activities are shown at the SAR-acquired time on
August 6, 2010. However, careful inspection indicates that the
subtle fluctuation appears in the lower-middle part of Figure 3A,
which is clearly shown by the green line in Figure 3C. According
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to FR estimation theory in Estimation of the FR Angle From SAR
Images, the FR may be affected by the calibration errors, such as
inaccurate channel imbalance, crosstalk terms, additional noise,
and backscatter characteristics of the imaged surface. In this case,
the observed FR fluctuation in Figure 3A is considered to be
related with the backscatter characteristics of the imaged surface
through comparing the estimated FR distribution and ground
surface types.

Figure 3B represents the spatial distributions of estimated FR
onMarch 31, 2011. Compared to Figures 3A,B shows the smaller
FR angles, where the mean value and standard deviation are,
respectively, 1.9◦ and 0.19◦. The smaller FR angle in Figure 3B

may be related with the solar activity because it is ∼10 o’clock
in the evening at local time on March 31, 2011, whereas it is
∼12 o’clock in the daytime at local time on August 6, 2010. It
is similar with Figure 3A that the small standard deviation is
observed in Figure 3B, indicating the relative quiet ionospheric
activities at the SAR-acquired time on March 31, 2011. However,
the FR gradient is observed in Figure 3B, which is clearly shown
by the gray line in Figure 3C. Considering the gradient is varied

with the latitude, we think the variations in Figure 3B are related
with the geographical latitude.

Through analyzing the estimated FR angles, it is summarized
that the relative quiet FR angles are shown at the SAR-acquired
time on August 6, 2010, and March 31, 2011, although the subtle
fluctuation and gradient are observed over the study area.

SAR-Derived VTEC Distribution
Once FR angles are determined, the SAR-derived VTEC maps
can be generated from (9). For this process, the geomagnetic
field parameters are required. The 13th generation IGRF, which
is a standard mathematical description of the Earth’s main
magnetic field, is used for this case. Using SAR acquisition time
and area, the geomagnetic field parameters are extracted from
the IGRF and projected to the SAR coordinate system. Then,
the geomagnetic field factor B · cos θ · secφ at an altitude of
400 km is calculated by using geomagnetic field and SAR imaging
geometry. The final SAR-derived VTECmaps on August 6, 2010,
and March 31, 2011, are shown in Figure 4.

FIGURE 4 | The SAR-derived VTEC maps on August 6, 2010 (A), and March 31, 2011 (B), where the VTEC profile along the lines a-a′ of (A) and b-b′ of (B) is shown

in (C).
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Figure 4A presents the spatial distributions of VTEC on

August 6, 2010. It is observed that Figure 4A shows the similar

spatial pattern with Figure 3A, suggesting that the geomagnetic
field has little effect on the VTEC spatial variations. The

statistics show that the mean value and standard deviation

are, respectively, 6.3 and 0.67 TEC unit (TECU) in Figure 4A.
The small standard deviation indicates the quiet ionospheric

condition, which is sometimes known as the background
ionosphere. The maximum VTEC in Figure 4A is ∼6.7 TECU,
which is located at the lowest latitude of SAR coverage. The
minimumVTEC is∼6.2 TECU, which is located at lower-middle
part of Figure 4A. The light blue line in Figure 4C, recording
the VTEC values along the line aa’ of Figure 4A, shows the
ionospheric spatial variations along the latitude. It is found
that the ionospheric activities display somewhat gradient and
fluctuation in space.

Figure 4B presents the spatial distributions of VTEC on

March 31, 2011. The mean value and standard deviation in

Figure 4B are, respectively, 4.5 and 0.46 TECU, both of which are

smaller than Figure 4A. These differences are due to the different
imaging time for SAR observation. The small standard deviation
indicates the background ionospheric condition over study area

at the SAR-acquired time on March 31, 2011. The maximum and
minimum VTEC are, respectively, 5.2 and 4.6 TECU, which are,
respectively, located at the high and low latitude of SAR coverage.
The prominent gradient is observed from the light brown line in

Figure 4C, which records the VTEC values along the line b-b
′
of

Figure 4B. As analyzed in the last section, this gradient is related
with the geographical latitude.

Based on the estimated VTEC, it is summarized that the
study area belongs to the background ionosphere, where the
mean VTEC values are 6.3 and 4.5 TECU on August 6, 2010,
and March 31, 2011, respectively. Meanwhile, the ionospheric
activities display somewhat gradient and fluctuation in space,
rather than keep constant in space.

Three-Dimensional Electron Density
After extracting the electron density with different altitude, the
IRI-derived VTEC at the SAR-acquired time and location is
generated using (10). The difference between SAR-derived VTEC
and IRI-derived VTEC is subsequently calculated and used to
correct the IRI-derived electron density by (11). During this
process, the electron density at different altitude is corrected

FIGURE 5 | High-spatial-resolution three-dimensional ionospheric electron density on August 6, 2010, by combing of polarimetric SAR and IRI model, where cross

circles represent the electron density at center of images.
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FIGURE 6 | High-spatial-resolution three-dimensional ionospheric electron density on March 31, 2011, by combing of polarimetric SAR and IRI model, where cross

circles represent the electron density at center of images.

and applied to each SAR pixel. Finally, the corrected three-
dimensional ionospheric electron density maps on August 6,
2010, and March 31, 2011, are produced, as shown in Figures 5,
6. The Figure 7 presents the electron density along the lines a-a′

(marked in Figure 4A) and b-b′ (marked in Figure 4B).
Figure 5 presents the ionospheric electron density at 100,

200, 300, 400, 500, 600, and 700 km above the ground on
August 6, 2010. It is observed that the electron density increases
followed by a decrease with the decreasing altitude and has
a peak value of 24.6 × 1010 ele/m3 at an altitude of 238 km.
Compared with Figure 2B, Figure 5 shows the similar electron
density variations with IRI and ISR at the different altitude.
In spatial domain, it seems that the electron density is nearly
a constant at a certain altitude. However, further investigation
shows that it presents the subtle fluctuation along the latitude.
Figure 7A, recording the electron density at different altitude
along the line a-a′ of Figure 4A, clearly displays the subtle
fluctuation of electron density. Compared with the VTEC
profile, it is found that the electron density in Figure 7A

presents the similar variation pattern with the light blue line
in Figure 4C.

Figure 6 presents the ionospheric electron density at 100,
200, 300, 400, 500, 600, and 700 km above the ground on
March 31, 2011. Compared with Figure 5, the similar variation
is presented in Figure 6: the electron density increases followed
by a decrease with the decreasing altitude. However, the
difference between them is that the maximum of electron
density in Figure 6 is ∼22.2 × 1010 ele/m3 at an altitude of
306 km. As mentioned previously, this difference is caused by
the different SAR imaging time in Figures 5, 6. Figure 7B,
recording the electron density at different altitude along the
lines b-b′ of Figure 4B, displays the obvious gradient of
electron density along the latitude. This gradient presents
the similar variation pattern with the light brown line in
Figure 4C.

In summary, the high-spatial-resolution three-dimensional
electron density is estimated through integrating of SAR-derived
VTEC and IRI model. The estimated electron density increases
followed by a decrease with the decreasing altitude and has a
peak value of 24.6 × 1010 ele/m3 at an altitude of 238 km on
August 6, 2010, and 22.2 × 1010 ele/m3 at an altitude of 306 km
on March 31, 2011.
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FIGURE 7 | Profiles of electron density along the lines a-a′ of Figure 4A and b-b′ of Figure 4B at the different altitude on August 6, 2010 (A), and March 31, 2011 (B).

THE COMPARISONS OF ELECTRON
DENSITY FROM ISR, IRI, AND PROPOSED
METHOD

In order to validate the results, the electron densities from ISR,
IRI, and proposed method are compared, as shown in Figure 8.
The electron density of ISR at the SAR-acquired time and location
(red circle in Figure 8) is collected from the PFISR system. The
electron density of IRI (blue square in Figure 8) is collected
from the IRI-2016 empirical model. The electron density of
the proposed method (black triangle in Figure 8) is estimated
through combing of polarimetric SAR and IRI model.

Figure 8A shows the comparisons of electron density from
ISR, IRI, and proposed method on August 6, 2010. It is
observed that the electron density is consistent in shape and
F2-layer peak height (hmF2) among ISR, IRI, and proposed
method. For the shape, they present the increasing electron

density followed by a decrease with the decreasing altitude.
For the hmF2, the peak electron density is concentrated
at an altitude of 238 km. Comparisons of the magnitude
of electron density at different altitude suggest that IRI is

close to ISR at most altitude except the around the altitude

of hmF2, where the maximum difference of 3.55 × 1010

ele/m3 is observed. We think this inconsistency is mainly

due to the lack of enough underlying database for IRI to

calculate the electron density. Further comparisons of the
electron density between proposed method and ISR at different
altitude show that this inconsistency is mitigated, particularly
around the altitude of hmF2. The statistics shows that the
standard deviation of the differences between ISR and IRI in
Figure 8A is about 2.13 × 1010 el/m3, whereas this value is
decreased to 1.01 × 1010 el/m3 for the differences between ISR
and proposed method. It means that the standard deviation
decreases by approximately two times compared to those
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FIGURE 8 | The comparisons of electron density from ISR, IRI, and proposed method at SAR-acquired time on August 6, 2010 (A), and March 31, 2011 (B).

before the correction, demonstrating the reliability of the
proposed method.

Figure 8B shows the comparison of electron density from ISR,
IRI, and proposed method on March 31, 2011. It is similar with
Figure 8A that the shape of electron density is approximately
consistent among ISR, IRI, and proposed method. However,
inconsistent hmF2 of electron density is observed in Figure 8B:
the hmF2 is∼306 km for IRI and proposed method, whereas this
value is ∼289 km for ISR. The reason of same hmF2 between
IRI and proposed method is that IRI is involved in the electron
density estimation of proposed method. The inconsistent hmF2
between IRI and ISR may be due to the lack of enough
underlying database for IRI empirical model. The standard
deviation of the differences between ISR and IRI is ∼3.95 ×

1010 el/m3, whereas this value is decreased to 2.68 × 1010 el/m3

between ISR and proposed method. Approximately 1.5 times’
decreases of standard deviation demonstrate the reliability of the
proposedmethod. However, the improvement of electron density
estimated by proposed method in Figure 8B is not significant as
Figure 8A. We think this phenomenon may be caused by the
inaccurate hmF2 from IRI model. Therefore, the hmF2 is also
an important parameter when using the proposed method to
estimate the electron density.

Based on the comparisons of electron density from ISR, IRI,
and proposed method, the improvement of electron density is

obtained through combing of polarimetric SAR and IRI model,
demonstrating the reliability of the proposed method.

CONCLUSIONS

There are the difficulties in obtaining the high-spatial-resolution
VTEC and three-dimensional electron density for the current
methods and models. In this situation, this article presents an
efficient method to retrieve the high-spatial-resolution VTEC
and three-dimensional ionospheric electron density by combing
of the full-polarimetric SAR and IRI model. For the performance
test, two L-band ALOS/PALSAR full-polarimetric SAR images
over Alaska regions are processed. Based on this study, the
following conclusions are summarized:

(1) The VTEC distribution with high spatial resolution is
successfully mapped from the full-polarimetric SAR data. In
this study, the high-spatial-resolution VTEC distribution at
SAR-acquired time is estimated from the FR angles, which
help us better characterize the ionospheric spatial variation.

(2) Three-dimensional ionospheric electron density is
successfully reconstructed by combing of the full-
polarimetric SAR and IRI model. International Reference
Ionosphere–derived electron density is corrected by the
SAR-derived VTEC. When comparing with the electron
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density derived from PFISR system, it is found that
the IRI-derived electron density is obviously improved,
where the standard deviations of differences between
PFISR and IRI decrease, respectively, by ∼2 and 1.5 times
compared to those before the correction, demonstrating the
reliability of the developed method in reconstructing the
three-dimensional ionospheric electron density.

Although the reliability of the proposed method has been
proven by experiments, there are still two limitations. The
first is the FR estimation error due to the inaccurate SAR
calibration parameters, such as channel imbalance f1 and f2;
crosstalk terms δ1, δ2, δ3, and δ4; additional noise N, as well
as backscatter characteristics of the imaged surface. Because
the SAR-derived VTEC is derived from the estimated FR, this
error will inevitably introduce bias in the three-dimensional
electron density reconstruction when using (11). The second is
the three-dimensional electron density estimation error due to
the inaccurate ionospheric parameters, such as hmF2 and E-layer
parameters. Reconstructed electron density on March 31, 2011,
is not as good as the result on August 6, 2010, which is mainly
attributed to the inaccurate hmF2. Therefore, future research is
needed in overcoming these limitations.
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