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Ionospheric Correction of InNSAR Time Series
Analysis of C-band Sentinel-1 TOPS Data

Cunren Liang, Piyush Agram, Mark Simons and Eric J. Fielding

Abstract—The Copernicus Sentinel-1A/B satellites operating at
C-band in TOPS mode bring unprecedented opportunities for
measuring large-scale tectonic motions using interferometric
synthetic aperture radar. However, while the ionospheric effects
are only about one sixteenth of those at L-band, the measurement
accuracy might still be degraded by long-wavelength signals due
to the ionosphere. We implement the range split-spectrum
method for correcting ionospheric effects in InSAR with C-band
Sentinel-1 TOPS data. We perform InSAR time series analysis
and evaluate these ionospheric effects using data acquired on
both ascending (dusk-side of the Sentinel-1 dawn-dusk orbit) and
descending (dawn-side) tracks over representative mid-latitude
and low-latitude (geomagnetic latitude) areas. We find that the
ionospheric effects are very strong for data acquired at
low-latitudes on ascending tracks. For other cases, ionospheric
effects are not strong or even negligible. Application of the range
split-spectrum method, despite some implementation challenges,
largely removes ionospheric effects and thus improves the InSAR
time series analysis results.

Index Terms—Synthetic aperture radar interferometry
(InSAR), ionosphere, range split-spectrum method, Sentinel-1,
tectonic motion, time series analysis, TOPS.

I. INTRODUCTION

EASUREMENTS of large-scale surface motion

provides key constraints on our understanding of the
Earth’s tectonic processes. Such measurements are routinely
made by global navigation satellite system (GNSS) at global
scales with millimeter to centimeter-level precision and high
temporal, but low spatial resolutions [1]. Recent development
in spaceborne synthetic aperture radar (SAR) systems, in
combination with SAR interferometry (InSAR) time series
analysis techniques, provide observations with higher spatial
resolution, but generally lower temporal resolution, limited
coverage and larger uncertainties. The Copernicus
Sentinel-1A/B satellites, launched in 2014 and 2016 and
operated by the European Space Agency (ESA), opens new
era for mapping large-scale tectonic motions. The satellites
can operate up to 25 minutes per orbit [2] (orbital period: 98.6
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minutes [3], [4]) with a wide swath of 250 km in its default
TOPS mode [5], [6], and thus provide large coverage. This
two-satellite constellation and wide-swath mode reduce the
repeat cycle to 6 days, a great improvement in temporal
resolution compared to the 35-day repeat cycle of the previous
ERS-1/2 and Envisat missions.

A major challenge for current repeat-pass InSAR techniques
are the atmospheric effects. While tropospheric path delays in
InSAR are almost independent of radar wavelength,
ionospheric effects are typically considered to be small at the
shorter-wavelength C-band. Considering a typical ratio of 4
between L-band and C-band wavelengths, the ionospheric
effects including the InSAR light of sight (LOS) displacement
error and azimuth pixel shift are only one sixteenth of those of
L-band. However, ionospheric effects are still observed in
C-band data. Such effects were seen in SAR data in polar
areas [7], [8]. At C-band, since the fringes are mostly
dominated by tropospheric signals, relatively small and slowly
changing ionospheric signals are usually not clear in the
interferograms. A large phase ramp found in one coseismic
interferogram (160202-160214) of the 2016 Mw 6.4 Taiwan
earthquake were among the first examples of clear ionospheric
effects [9] in Sentinel-1 interferograms. More common
examples in practical experience are found in the
double-difference interferograms in the burst-overlap area
after geometric coregistration, which sometimes have irregular
patterns (e.g. [10], [11]).

Since the beginning of the 20+ century, the Earth’s
ionosphere has been extensively studied in a number of
relating fields such as radio communication, geomagnetism,
space weather, atmospheric sciences and others. Of particular
relevance to our study, global positioning system (GPS)
satellites transmit L-band signals at two different frequencies
L1 (1575.42 MHz) and L2 (1226.60 MHz) to make use of the
dispersive nature of ionospheric effect on the propagation of
radio waves for ionospheric corrections [1]. Recently this
dispersive nature has been exploited for ionospheric
corrections in InNSAR measurements [12-14]. Because two
radar frequencies are not directly available from past and
current spaceborne SAR systems, the range radar spectrum is
split into two subbands, each with a different center frequency
and therefore it is called the range split-spectrum method
(perhaps a better name should be dual-frequency/wavelength
method). Subsequent developments [15-17] of this method,
including implementations for data acquired in TOPS and
ScanSAR modes [18], [19], show its potential for
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operationally removing ionospheric effects in InSAR. It is,
however, still not very clear what ionospheric effects look like
in most of the C-band TOPS interferograms, and most
importantly how it affects measurement of large-scale tectonic
motion, which is the primary motivation for correcting
long-wavelength signals caused by ionosphere at C-band. We
implement the ionospheric correction for C-band TOPS
InSAR data and present the correct results.

Our paper is organized as follows. Section II overviews
spatial and temporal variations of the global ionosphere.
Section III describes our implementation of the range
split-spectrum method for C-band Sentinel-1 TOPS data, and
the challenges and limitations of the method. We also
describe problems and their solutions associated with the
TOPS SLC products released by ESA. Section IV presents the
ionospheric effects in InSAR time series analysis, and how
ionospheric corrects can improve the results. Finally, Section
V concludes the paper.

II. A BRIEF OVERVIEW OF THE SPATIAL AND TEMPORAL
VARIATIONS OF THE GLOBAL IONOSPHERE

The Earth’s ionosphere is defined as the part of Earth’s
atmosphere where ions and free electrons are present in
quantities sufficient to affect the propagation of radio waves
[20]. Tonization of the atmosphere occurs when photons of
short wavelengths (mainly from solar ultraviolet and X-rays,
with other minor contributions such as cosmic rays) are
absorbed by atmospheric gases, with a portion of the energy
used to eject an electron, converting a neutral atom or
molecule to a pair of charged species including a negatively
charged electron and a companion positive ion [21]. This
process is called photoionization. Its reverse process is called
recombination, which may also involve other neutral atoms or
molecules. The ionosphere consists of three primary regions
named by letters D (50~90 km), E (90~150 km) and F
(150~1000 km). There is a remarkable anomaly of the E
region called sporadic-E or Es, which is a transient and thin
patch of enhanced electron density with a horizontal extent of
10~1000 km [22]. Typical vertical profiles of electron density
in the mid-latitude ionosphere are shown in Fig. 1(a) [23].
Above the ionosphere is the magnetosphere where solar wind
interacts with the Earth’s geomagnetic field.

During the day, ionizing radiation from the Sun increases
with height but the concentration of ionizable gas decreases
with height, such that photoionization reaches a maximum at
somewhere mid-ionosphere. In addition, photoionization also
decreases with the solar zenith angle (defined such that the
solar zenith angle is zero when the Sun is overhead). These
basic principles of the photoionization production are
encapsulated in Chapman theory. Note that the balance
between electron production and loss involves not only
photoionization and recombination, but also many other
physical processes.

For radio wave propagation through the ionosphere, an
important concept is the critical frequency. If the frequency of
the radio wave is below critical frequency, a wave component

is reflected by an ionospheric layer, making long distance
radio communication possible despite of the Earth’s curvature.
If the frequency of the radio wave is above critical frequency,
the wave penetrates through the ionospheric layer, which is
what allows for spaceborne radar.

A. Spatial variations

Ionization of the atmosphere is mainly caused by the Sun,
and therefore the intensity of ionization should generally
decrease from geographic equator to the two geographic poles
of the Earth. However, global ionization is also largely
dominated by Earth’s geomagnetic field. The geomagnetic
field varies at time scales from seconds to millions of years.
Currently its equator and poles are displaced from the
geographic equator and poles by more than 10° [24]. The
global distribution of electron density is generally aligned
along the geomagnetic latitudes. The global ionosphere can be
roughly divided into three regions according to their
geomagnetic latitudes, including low-latitudes (0°~20°),
mid-latitudes (20°~60°) and high-latitudes (60°~90°) [26].
These regions, as shown in Fig. 1(b), are overlaid on a global
vertical TEC map interpolated from results processed by
NASA JPL (https://iono.jpl.nasa.gov/) using data from
International GNSS Service [27].

At mid-latitudes, the ionosphere is quietest with slow
spatial variations, except during some rare events such as
geomagnetic storms. At low-latitudes, ionization is highest
because the sun is mostly overhead. On both sides of the
geomagnetic equator, at geomagnetic latitudes about 10° to
15°, ionization reaches maximum. It is called Appleton or
equatorial anomaly [28]. For InSAR applications, one typical
area of such maximum ionization is northern Chile where
strong ionospheric effects have been observed in many
interferograms.  Another  well-known  phenomena  at
low-latitudes are equatorial scintillations, typically observed
as amplitude stripes in SAR images [29-31]. At high-latitudes,
the ionosphere is connected, via the geomagnetic field, to the
outer magnetosphere and the solar wind. Charged particles
energized within the magnetosphere or from the Sun enter the
ionosphere, becoming another main source of ionization [26],
[32]. The many dynamic processes involved make the
high-latitude ionosphere subject to the highest level of
variations which cause artifacts even observable in C-band
SAR data [7], [33]. Perhaps the most well-known natural
phenomena at high-latitudes are aurora, which are a
consequence of energetic particles entering the atmosphere
from the magnetosphere. Between the mid-latitude and
high-latitude near 60°~65° geomagnetic latitude, there is a
region of decreased ionization in the F region called the main
trough. The ends of the trough are typically found an hour
after sunset and an hour before sunrise [34]. It is also
reportedly observed in SAR data [29].

B. Temporal variations

Ionization is mainly caused by the Sun, the intensity of
ionization is related to the relative position between the Earth
and the Sun, and the Sun’s activities. As a result, ionosphere is
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subject to diurnal, seasonal and solar cycle variations. Overall,
ionization is much stronger at daytime than at night. During
night, free electrons in the D region almost totally disappear.
While the E region remains at night, it is only weakly ionized.
During the day, the F region splits into a lower layer, F1, and
an upper layer, F2. At night, they merge at about the level of
the F2 layer with reduced ionization. Chapman theory is valid
for lower layers including E region and F1 layer. The D region
is not well modelled by Chapman theory due to the complex
photochemical processes involved. The F2 layer has the
greatest concentration of electrons among all the layers, but is
also most variable, most anomalous and most unpredictable
[32]. One of the anomalies of the F2 layer is that the daytime
maximum electron density is greater in winter than in summer,
opposite predictions from Chapman theory. However, the Sun
does affect the electron density of the F2 layer, causing a rapid
increase after sunrise [26].

Over the course of the approximately 11-year solar cycle,
the intensity of ionizing solar radiation varies. The
temperature of the upper atmosphere also varies with solar
activity, leading to variations in the gas density [32].
Therefore, ionization is closely related to solar cycle. The
solar cycle is linked to changes in the Sun’s magnetic field,
which completely flips every 11 years or so. A well-known
indicator of the solar cycle is the rise and fall in the numbers
of sunspots [35]. At solar minimum (least solar activity) in the
cycle, there are the fewest sunspots, and ionization is lowest.
At solar maximum (greatest solar activity), there are the most
sunspots, and ionization is highest.

III. THE RANGE SPLIT-SPECTRUM METHOD FOR THE INSAR
TONOSPHERIC CORRECTION OF C-BAND SENTINEL-1 TOPS
MODE

A. Background

The effect of the Earth’s ionosphere on a traversing
microwave signal can be described by the Appleton-Hartree
equation, from which we can derive a phase shift and a
Faraday rotation [36], [37]. Due to the phase shift, the
two-way phase delay of the radar signal is [38]

4K
¢ion =
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where K=40.28 m/s, c is the speed of light in vacuum, f is the
frequency of the microwave signal, and TEC is the total
electron content (TEC) along the radar signal traveling path.
The phase delay is inversely proportional to the signal
frequency, which is called dispersive nature. The C-band
frequencies are about four times L-band frequencies,
considering the typical radar wavelengths used by current
SAR systems. Therefore, when the InSAR phase is converted
to displacement, the error caused by ionosphere is only about
one sixteenth of that of L-band. In our InSAR processing, we
treat the ionosphere as a thin layer, although it has vertical
structure and extends from about 50 km to 1000 km above the

Earth.
By making use of the dispersive nature, the range
split-spectrum method [12-14] for InSAR ionospheric

correction creates a lower and upper band signals by bandpass
filtering the range spectrum of the original radar signal. We
then compute the ionospheric phase in the interferogram by

filu
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where f, is the center frequency of the original radar signal, f;
and f, are the center frequencies of the newly created lower
and upper band signals, respectively, and A¢,; and Ag,, are the
phases of the lower and upper band interferograms,
respectively. Since the azimuth signal of a target is collected
within a synthetic aperture, the azimuth resolution of the
estimated ionospheric phase is thus determined by the
synthetic aperture length projected onto the ionosphere layer,
which reflects the low-pass signatures of the ionosphere. The
range split-spectrum method has been proved to be an
effective method for correcting the ionospheric phase in
InSAR interferograms [15-19].

The linear change of the phase delay within the synthetic
aperture of a target causes azimuth pixel shift of the focused
target. For InSAR, the relative azimuth shift (on the ground)
of the same target in the reference and repeat (previously
known as master and slave) images can be calculated by [18]

Vg 1 0AQie (m] 3)
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where v, is the velocity of the radar beam footprint on the
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ground, K, (K, < 0) is the azimuth frequency modulation
(FM) rate, and 1 is the azimuth time. At C-band, K, is
approximately four times that at L-band, but Ag;,, is about
one fourth of that at L-band. The azimuth shift at C-band is
thus only about one sixteenth of that of L-band.

In TOPS mode [5], the radar images several subswaths
using a burst technique. In each subwath, the burst is repeated
cyclically, and during a gap between two adjacent bursts, the
radar antenna is pointed to other subswaths. Within a burst,
the antenna rotates from backward to forward in the azimuth
direction such that each imaged target experiences the full
azimuth antenna pattern. The Sentinel-1 TOPS mode is a
single-look burst mode, whereby each target on the ground is
imaged by only one burst, except in the small overlapping area
between two adjacent bursts.

As far as the ionosphere is concerned, two effects should be
noted because of the particular imaging mode. The first is that
the azimuth position of the imaged ionosphere deviates from
the azimuth position of the imaged target on the ground, and
the deviation changes with azimuth across the burst. Consider
a target in the burst overlap area as shown in Fig. 2. In burst n,
its center Doppler frequency position 1., relative to its zero
Doppler position 17,4, is

ngc,é' = ngc ~MNzd

K, @)
K,

where n{,. is the position in the focused burst where the center
Doppler frequency is zero, and K; is the slope of the azimuth
burst spectrum after focusing. The intersection of the radar
light-of-sight (LOS) and the ionosphere layer nf,,, relative to
the zero Doppler position, is

= (nzd - ngc)
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where h;,, and hg,, are the heights of the ionosphere layer and
the satellite, respectively. In the next burst n+ 1, the
intersection becomes nltt! for the same target on the ground,
leading to phase jumps on the burst edges in the mosaicked
interferogram. These jumps or discontinuities should be
properly handled in the ionospheric correction.

A second effect in the imaging is the linear change of the
center Doppler frequency in the focused burst, and the center
frequency can be very large on burst edge due to the rotation
of the antenna. The large linear phase in the time domain
corresponding to the large center Doppler frequency requires
high precision coregistration, which is typically done by the
so-called enhanced spectral diversity (ESD) [6], [39]. As
discussed earlier, ionosphere can cause azimuth pixel shift.
This shift, together with the large linear phase in the target due
to its large center frequency, might lead to a large phase error
in the interferogram, such as the phase jumps on burst edges in
the mosaicked interferogram. The Sentinel-1 is a C-band SAR
satellite, and the azimuth resolution of its TOPS mode is
relatively coarse. The azimuth shift caused by ionosphere does
not lead to significant decorrelation in most cases. If we know
the relative azimuth shift of the InSAR pair, the resulting
phase error can be computed and therefore compensated by

Ax;
A, = 2mfe—= ©
Yy
where f_ is the center Doppler frequency.

B. Implementation

Our implementation of the range split-spectrum method for
the InSAR ionospheric correction of Sentinel-1 TOPS mode
starts after the coregistration step in the regular TOPS InSAR
processing workflow. The coregistration step usually includes
geometrical coregistration [40] and ESD [39], but for our
ionospheric correction workflow, it does not matter whether
ESD is included in coregistration or not. The main input
includes the reference bursts, the repeat bursts, the
coregistered repeat bursts, and the offsets between reference
and repeat bursts. The output is the burst-level phase for
correcting the interferograms. Throughout the entire
ionospheric correction workflow, there is no interaction with
the InSAR workflow. The ionospheric correction workflow is
shown in Fig. 3.

Sentinel-1 has two TOPS modes including the
Interferometric Wide Swath (IW) mode and the Extra Wide
Swath (EW) mode. Our discussion below focuses on the most
commonly used IW mode. The extension to the EW mode
should be trivial. The workflow starts with range bandpass
filtering. The range spectrum of the Sentinel-1 TOPS SLC
product distributed by ESA is weighted by a Hamming
window, probably to suppress the sidelobe of the focused
target. Before range bandpass filtering, we remove this

window. For each burst in the reference and repeat image
products, we do bandpass filtering in range to create a lower
and upper band bursts. The bandpass filtering process for a
burst is shown in Fig. 4. At each subband, the burst
interferograms are formed after resampling repeat bursts. Now
we have two sets of subband interferograms.

The ionospheric phase might be very different in different
bursts considering the imaging geometry of TOPS mode.
Therefore, the origin and indexes of each pixel in each burst
must be accurately tracked in the entire workflow. No pixel in
the mosaicked image should include pixels from different
bursts after spatial averaging. For this purpose, we compute
the indexes of the start and end pixels of the data chunk in
each burst that eventually goes to the mosaicked image,
considering the averaging window size. Normally there are
more than 100 lines between two adjacent bursts within a
subswath, and there are more than 600 samples between two
adjacent subswaths. This should at least support
50(azimuth)x300(range) looks or a multiple-looked pixel size
of 0.7 km (azimuth on ground) X 0.7 km (slant range), which
is enough for most applications. In our processing, these
indexes are not only used in the ionospheric correction
workflow, but also used in the regular InNSAR workflow.

With the burst start and end pixel indexes available, we can
mosaic the bursts of all subswaths and take looks, and then we
have two subband mosaicked interferograms. We unwrap the
two interferograms using SNAPHU [41]. The ionospheric
phase can then be computed by (2) using the two unwrapped
interferograms.

As shown in Fig. 2, the computed ionospheric phase is
actually the ionospheric phase from the ionosphere layer
projected onto ground. We project the computed ionospheric
phase onto the ionosphere layer by resampling the computed
ionospheric phase considering the imaging geometry of TOPS
mode. As a result, the burst shrinks in the azimuth direction.
The result is shown in Fig. 5(a).

The ionospheric phase needs to be strongly smoothed in
order to suppress noise. For this purpose, we use a Gaussian
filter as in [15]. If we filter the resampled ionospheric phase
directly, the number of samples available for filtering is
reduced because of the shrinking. To avoid this, we can
increase the sampling rate during resampling, or alternatively
project the pixel index, instead of the ionospheric phase, onto
the ionospheric layer. The pixel values remain the same, but
the pixel indexes are changed. The pixel interval is not
constant any longer, which reflects the distance on the
ionosphere layer. In the filtering, the ionospheric phase before
resampling and the changed pixel index are used. This,
however, requires some changes to the filter implementation
which usually assumes a constant pixel interval. In our
implementation, we find that the filtering window size needs
to be much larger than the azimuth burst size in order to get a
reasonably smooth result. Therefore, we can just ignore the
shrinking from ground to ionosphere layer and use the
ionospheric phase before resampling directly. The filtering
result is shown in Fig. 5(b). After filtering, we project the
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ionospheric phase back to the ground. The result is the
burst-level ionospheric phase.

We also use the filtered ionospheric phase to compute the
relative azimuth shift caused by ionosphere according to (3).
The result is shown in Fig. 5(c). The introduced InSAR phase
error by the relative azimuth shift can then be computed by
(6). Again, the result is the burst-level phase.

With the burst-level ionospheric phase and phase error
caused by relative azimuth shift available, we add them
together. Note that at this stage, there might be residual
azimuth offset between reference and repeat images, so ESD,
with ionospheric phase and phase error removed from the
burst interferograms, is used to estimate this residual offset.
Since ESD is done here, it does not matter whether the input
offset from regular InSAR processing includes ESD offset or
not. We then compute the InSAR phase error caused by this
residual azimuth offset. Finally, we add the ionospheric phase,
the phase error caused by relative azimuth shift, and the phase
error caused by the residual azimuth offset together. The
output is then burst-level phase for doing correction. The
mosaicked burst-level phase is shown in Fig. 5(d). The
interferograms before and after ionospheric correction are
shown in Fig. 5(e) and (f), respectively. Note that, at C-band,
the interferogram after ionospheric correction does not look as
clean as that at L-band, because the same troposphere causes
more fringes in the interferogram at C-band due to its shorter
wavelength.

In this workflow, we don’t consider the physical azimuth
offset on ground, which affects the final ESD step.

C. Phase discontinuities in the burst overlap areas caused by
ionosphere

Due to the imaging geometry of the TOPS mode, the
ionospheric phase at7,_, in burst n becomes the ionospheric
phase at nj,, (Fig. 2). Following (5), the change of the
ionospheric phase at 1), can be approximated by

¢;11eight,é‘ = Pion(Mion) — Pion (M2a)

09ion @)

on n=7zd
where ¢;,, is the ionospheric phase. If we assume ¢;,,

linearly changes in the azimuth direction, then the phase
change is

— pn
- 77ion,é‘

¢;11eight,é' = 7”ﬂm,é'Kion
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Ka hsat on
where Kj,, is the linear azimuth change rate of the ionospheric
phase. If Kjoq > 0, then ¢ylgighe s < 0, which implies that the

= (nzd - ngc

ionospheric phase atn_, becomes smaller. The phase change
reaches maximum at burst edges. Note that this is the phase
change of one acquisition. The result of the other acquisition
of the InSAR pair is of the same form, but with different h;g,
and Kj,,, values. Here and in the following discussions, we
focus on the analysis of one acquisition.

The linear component of the ionospheric phase ¢;,, results
in an azimuth pixel shift in the focused image. To examine

how it changes phase, we start from the phase of the original
azimuth radar signal which is approximately a linear
frequency-modulated (FM) signal
¢raw = T[Ka (77 - nzd)z )]
If a linear ionospheric phase ¢;,, = Kjon7 is added to this
signal, we find
¢raw+ion = T[Ka(n - 772d)2 + Kio?{n
=K, [772 -2 (nzd - 27;21) n+ nid]
The center of the signal is moved by —Kj,,/2nK,. After
azimuth focusing, the focused target is moved by —Kj,,/

(10)

4nK,, where we have considered the two-way radar signal. If
Kion > 0, then both the signal center and the focused target are
moved to right. The phase change is mainly caused by the
linear phase of the focused target and is

Plashifes = P (77 + &) — o)

4K,
_ Kion
= 2nf, U+W —2nf.n
a
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where f is the center Doppler frequency. If Ko, > 0, then

Pazshitrs < 0
We can see that both @peigne s and gy, s change linearly

in the azimuth direction with the same sign. The InSAR phase
error caused by a constant azimuth offset between the InNSAR
pair is also linear in the azimuth direction. Thus, both ¢pigne s
and ¢, i 5 Can be treated as the InSAR phase error caused
by a constant azimuth offset in ESD. In the overlap area of
burst n and n + 1, they cause a phase discontinuity

Brsp = Phaights T Prmshites + Pion (za)

- [(nbgeight,é' + ¢gzshift,é' + ¢ion (nzd)]
— +1 +1
= Pheight,s ~ Pheights T Pazshitts — Pazshife.s

= [(12a = Mbe ) = (20 — MBI (12)
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If this phase is involved in ESD, the equivalent azimuth offset
is

_ $Eesp
Mesp =52 7
Kt hion 1
K, \hgy 2/ " 2nT.K,

hsat 2
After ESD, ¢peight s and @aysnife,s can  be removed from the

1 Kion (hion 1)

burst interferogram by either adding nggp to the coregistration
offset or multiplying the burst interferogram with a linear
phase. Therefore, when the ionospheric phase is mostly linear
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in the azimuth direction, the ionospheric phase in the
mosaicked interferogram with ESD applied is like the
ionospheric phase in a stripmap interferogram, which is a
phase ramp without phase discontinuities in the burst overlap
areas. In this case, a much larger offset estimated by ESD may
be observed.

We compute the phase discontinuity and the equivalent
azimuth offset using Sentinel-1 parameters at the center of
middle subswath (Figs. 6(a) and (b)). We find that the phase
discontinuity is usually smaller than 27, which is true even in
areas like Chile where ionospheric effects are nearly maximal.
This is the reason why we can mosaic the burst interferograms
before phase unwrapping in our workflow of ionospheric
correction as shown in Fig. 3. The azimuth pixel shift is also
much smaller than the azimuth pixel size (azimuth pixel size
on ground: 14.1 m), and therefore the resulting decorrelation
can be ignored.

We use the height of the ionosphere layer in the calculation
of ionospheric phase, but unfortunately this height is not
known and so we use an empirical constant height. There are
two steps that are impacted by the choice of the height of the
ionosphere layer in the workflow shown in Fig. 3. The first
step is the projection of the computed ionospheric phase from
ground to the ionosphere layer before filtering. The second
step is the reverse projection after filtering. We ignore the
ionospheric phase error caused by the height error of the
ionosphere layer in the first step, as its impact is small given
the subsequent filtering with a large window size.

If there is an error h;,, . in the ionosphere layer height h;,,
then the resulting error in ng,, 5 in (5) is
ﬁ i hion,e
Ka hsat
After resampling the ionospheric phase from its original
position 1j;, to the zero Doppler position 17,4 as shown in Fig.
2, we can approximate the introduced phase error by

a()bion

n — N
¢ion,e - 77ion,e 9
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Here, we have also assumed the ionospheric phase ¢;qn
changes linearly in the azimuth direction. ¢fg, . is also of
linear form, which means it can also be treated as a phase error
caused by a constant azimuth offset in ESD. Therefore, the
final ESD offset estimate in our workflow (Fig. 3) also
includes ¢,

So far, we have discussed the case of one acquisition. If
InSAR phase is reference image phase minus repeat image
phase, then the signs of ¢fignt s Passhires» Pesp- Nesp and
®ion,e of reference image are changed. We have also ignored
the azimuth frequency change of the target caused by the
linear ionospheric phase, but this frequency change is small.
Even if K;,, = 1 fringes/burst, the frequency change is only
Kion/2m = 0.36 Hz.

As the phase changes including ¢gigne,s and Qg ehife s are

linear in the azimuth direction, which is mostly true as
ionosphere mostly slowly changes in space, the following
simplified ionospheric correction workflow can serve as an
alternative: (1) Remove continuous ionospheric phase (such as
the filtered ionospheric phase in Fig. 3) from the burst
interferograms, leaving only the phase changes (pheigne,s and
®azshife,s) in the burst interferograms. (2) Apply ESD at each
burst overlap to estimate the offset, and low-pass filter, instead
of taking average of, the resulting offsets to reduce noise
caused by decorrelation. The offsets account for contributions
from Ppeignes and @ ehifs - €rrors associated with the
satellite instruments such as orbit error, data processing error
etc. (3) Add the offsets to coregistration offset, or multiply the
burst interferograms with the equivalent phase ramps.

D. High frequency ionospheric effects

In the previous section (II-C), we have assumed constant
hion» Rion,e and Kjqp, . In practice, these parameters may change
over the image. In addition, their values may be different
between reference and repeat images. In the workflow for
ionospheric correction, the ionospheric phase and the azimuth
offset are smoothed, which also leads to errors. As a result, we
cannot perfectly estimate the ionospheric phase screen,
especially at small spatial scales. Fortunately, the ionospheric
phase is smooth in most cases, and therefore the residual phase
errors in the interferogram after correction are small.

When the ionosphere changes quickly over the imaged area,
we cannot estimate the ionospheric phase screen well. Fig. 7
shows an example covering Mexico City, Mexico. After
ionospheric  correction, there is still high frequency
ionospheric phase in the interferogram. In addition, we find
remaining phase discontinuities in the burst overlap areas.

E. Pairs with different starting ranges

As radar flies along its track, it changes the slant range time
for starting receiving echo (hereafter referred to as starting
range) every short period of time. A long track of data is
usually divided into a number of slices (or frame). After
focusing, the starting range is usually the same for one or
multiple SLC slices. In Sentinel-1 IW mode, there are three
subswaths, each of which has a starting range. For multiple
SLC slices of one acquisition, we find that starting ranges are
occasionally different such as in the case of multiple SLC
slices focused by different versions of the Sentinel-1 IPF
software. For the same track and same area, the starting ranges
of the SLC slices of different acquisition dates are usually the
same, but sometimes are different. There is a much higher
chance of different starting ranges among the early
Sentinel-1A SLC slices acquired at different dates. These
slices are floating along the track and not fixed. For the recent
Sentinel-1A acquisitions, especially Sentinel-1B acquisitions,
the chance is much lower. These slices are mostly fixed.

In the computed ionospheric phase, sometimes there is a
discontinuity between two adjacent subswaths (Fig. 8(a)). The
discontinuity is likely caused by the starting range errors of
the reference and repeat SLC slices. The starting range error of
an SLC slice has contributions from SAR instrument error,



This paper is a non-peer reviewed preprint published at EarthArXiv and submitted for consideration by IEEE TGRS. 7

which is also present in the raw data, and errors in focusing.
For each subband of reference or repeat SLC, if there is a
relative starting range error At . between two subswaths, it
causes a relative phase error between the two subswath
interferograms, which eventually propagates to the computed
ionospheric phase [18]. However, if reference and repeat
SLCs have the same starting range error, their resulting phase
errors in the subband interferogram cancel out, and therefore
there is no phase discontinuity in the computed ionospheric
phase. We find that when reference and repeat starting ranges
are different, there is a very high probability of observing
discontinuity between adjacent subswaths in the computed
ionospheric phase; on the other hand, there is no such
discontinuity if reference and repeat starting ranges are the
same. The starting range error caused by the instrument is
probably stable. It is likely that, due to the problem of the
focusing program, when the slice is focused with a different
starting range, the resulting starting range error is also
different. Therefore, if the ionospheric phase is computed
using reference and repeat SLCs with different starting ranges,
the starting range errors of reference and repeat SLCs are
different and there will be discontinuities between adjacent
subswaths.

One method of removing the discontinuity in the computed
ionospheric phase is do the correction on the interferogram
level, that is, computing the mean phase difference of the two
adjacent subswath interferograms in the overlap area,
removing the relative phase error from the interferograms, and
then wusing the corrected interferograms to compute
ionospheric phase [18]. For TOPS mode, however, @peignt s
and ¢, i 5 Of the two adjacent subswath interferograms are
different. To minimize their impacts, we do the correction on
the computed ionospheric phase level. The workflow is shown
on the right side of Fig. 3. We first compute the ionospheric
phase of each subswath individually. We then compute the
mean difference of the subswath ionospheric phases in the
overlap area, and remove the difference. The subswath
ionospheric phases can now be mosaicked. This avoids the
effect of ¢l qnires- The resulting mosaicked and filtered
ionospheric phases are shown in Fig. 8(b) and (c),
respectively. If the subswath ionospheric phases are projected
from the ground onto the ionosphere layer before computing
the mean difference, we can also reduce the effect of Ppeign s

and its residual error depends on the error in the ionosphere
layer height used to do the projection. Oversampling can be
considered to avoid reducing the number of samples in the
projection.

In addition to the discontinuities in the computed
ionospheric phase between subswaths, there are also
discontinuities within one subswath as seen in Fig. 8(a). A
possible explanation for these discontinuities is the different
range errors as a result of doing range focusing and range cell
migration correction range-chunk by range-chuck, as the
number of range samples is large. This discontinuity also
affects the computed mean difference of the subswath
ionospheric phases in the overlap area, but we are not able to

quantify it. For the filtering of the ionospheric phase, this
discontinuity is small compared to the filtering window size,
so it does not seem to affect the filtered phase very much.

Another error in the computed mean difference of the
subswath ionospheric phases in the overlap area is from
decorrelation. In each acquisition, the same target in the
subswath overlap area is imaged by two bursts of the two
subswaths. The Doppler spectra of the target in the two bursts
do not overlap, because the two bursts are acquired at different
orbit locations. Therefore, the phases of the two burst
interferograms are statistically independent. The computed
ionospheric phases of the two subswaths are also independent.
When we compute their difference, their noises due to
decorrelation do not cancel out.

To estimate the error due to decorrelation, we start from the
phase standard deviation of a spatially averaged interferogram
[42]

1 J1—y2

TN v
where y is the coherence, and N (N > 10) is the number of
resolution elements. When using the range split-spectrum
method to compute the ionospheric phase, the lower and upper
range bands usually do not overlap, and therefore the phases
of the lower and upper band interferograms are independent.
Thus, the standard deviation of the computed ionospheric
phase can be given by

fifu ’ 2.2 2 2
Oadion = m fu UA¢1 +fl UA‘Pu

where 0,4, and 0,4, are the phase standard deviations of the

(16)

a7

lower and upper band interferograms, respectively. The
standard deviation of the difference of the two subswath
ionospheric phases can be given by

2
+ 0, s+1

— 2
0A¢iséf§1 - GA¢iSon Aqbion (18)

where 0,45 and 0,,s+1 are the standard deviations of the
A¢1on A¢'1on

two subswath ionospheric phases, respectively. We assume the
coherences of all samples in the overlap area are the same, and
the standard deviation of the mean subswath ionospheric
phase difference of one slice as a result of decorrelation is
shown in Fig. 9.

To evaluate the performance of using the computed mean
difference of the subswath ionospheric phases in the overlap
area to remove the subswath discontinuities, we compute the
ionospheric phase using both workflows shown in Fig. 3 and
compare the results. We do this for many pairs with same
starting ranges in our experimental areas discussed in Section
III. We find that the error of the computed mean difference is
usually smaller than 0.5 rad. Although the result of a specific
pair depends on its coherence, the number of bursts in the pair,
and so on, this provides an idea about the precision of the
computed mean difference.

F. Cross Sentinel-1A/B pairs

For cross Sentinel-1A/B pairs, we find there is a small
additional range ramp in the computed ionospheric phase. To
extract this range ramp, we find an InSAR pair with very
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small ionospheric phase as shown in Fig. 10(a). We average
the computed ionospheric phase over each column and fit a
polynomial to the mean phase as shown in Fig. 11. The
resulting polynomial is
Adion ramp = 1.05 — 4.567 + 2.96r% + 0.957° 19)
where v (0 <r < 1) is the scaled range. The range ramp
computed from this polynomial is shown in Fig. 10(b). We
then remove the computed ramp from the ionospheric phase
shown in Fig. 10(a), and get the result shown in Fig. 10(c).
Note that this is the ramp for descending S1A-S1B pair. For
ascending pair, it should be flipped in the range direction.
Furthermore, for SIB-S1A pair, the sign of the ramp should be
changed. We find this empirical ramp also applies to other
pairs we processed over western United States and northern
Chile. More pairs should be processed in the future for testing
its global applicability.

G. Relative azimuth FM rate error

The azimuth FM rate usually cannot be accurately
computed in focusing due to the varying topography and other
reasons. If the azimuth FM rate errors of reference burst and
repeat burst are different, they result in a phase error in the
burst interferogram. This happens when reference and repeat
images are focused by different versions of the ESA
Sentinel-1 IPF software and the two versions of IPF use
different terrain heights to compute azimuth FM rates used in
focusing. This phase error can be very large in high mountain
areas, which is another cause of the discontinuities between
adjacent burst interferograms. In such case, we correct this
error using the method in [43], in addition to ionospheric
correction. A joint correction example is shown in Fig. 12.

H. Decorrelation and phase unwrapping errors

As in L-band and stripmap cases, decorrelation and phase
unwrapping errors are the two main problems affecting the
performance of the range split-spectrum method for C-band
TOPS data. In general, compared with L-band missions such
as ALOS-2, decorrelation is a more critical issue at C-band,
and there is a higher chance of phase unwrapping errors.

The radius of the Sentinel-1 orbital tube is about 100 m
[44]. The small baseline results in small relative range spectral
shift between reference and repeat images [45], and therefore
results in small loss of the range resolution of the
interferogram. More importantly, the small baseline helps
reduce the volume decorrelation [46-49]. Overall, the
resolution (rangeXazimuth) and the incidence angle are about
the same as those of previous missions such as Envisat, so we
don’t expect a big change of volume decorrelation associated
with resolution and incidence angle. The temporal
decorrelation is much reduced because of the short repeat
cycle of 6 or 12 days. However, data are not always acquired
on such regular basis. Despite the reduced volume
decorrelation and temporal decorrelation, we find that
decorrelation is still a major problem that has significant
impact on the performance of the range split-spectrum
method. The phase noise as a result of decorrelation can be
significantly amplified when computing ionospheric phase

using (2).

Decorrelation increases the chance of phase unwrapping
errors. At C-band, the same amount of change due to
displacement and troposphere, especially the stratification of
the lower troposphere [50], corresponds to more fringes. This
also increases the chance of phase unwrapping errors. In
particular, the temporal decorrelation and stratified
tropospheric phase are usually the dominant reasons causing
phase unwrapping errors. The relative phase unwrapping
errors between the lower and upper bands can be easily
corrected by comparing the two unwrapped phases. However,
the common phase unwrapping errors of the two bands are not
easy to correct. The error in the computed ionospheric phase
as a result of common phase unwrapping error is half of the
common phase unwrapping error [15].

IV. IMPROVEMENT OF TIMES SERIES ANALYSIS AFTER
TONOSPHERIC CORRECTION

A. Data

The Sentinel-1A/B satellites operate in a near-polar
sun-synchronous (dawn-dusk) orbit at 693 km altitude. The
repeat cycle is 12 days with each satellite, and is reduced to 6
days with the constellation. The ascending data are acquired
around dusk, with a mean solar local time on ascending node
(LTAN) of 18:00. The descending data are acquired around
dawn. According to the temporal variations of the ionosphere,
the ascending acquisitions are expected to be more severely
affected by ionosphere. Considering also the spatial variations
of the ionosphere, we select an ascending track and a
descending track in western United States (mid-latitudes) and
northern Chile (low-latitudes) to do the experiment. Both areas
are characterized by large-scale tectonic motions.

The two tracks ascending 122 (A122) and descending 100
(D100) covering western United States are shown in Fig. 13.
Since they are located at mid-latitudes, the TEC is not high
even for track A122. The other two tracks ascending 149
(A149) and descending 156 (D156) covering northern Chile
are shown in Fig. 14. We can see that the TEC for track A149
is very high. Each track has 4 slices with a time span of about
3.5 years. The numbers of acquisitions for each track are 52
(A122), 55 (D100), 62 (A149) and 59 (D156), respectively.

B. Processing

We form the sequential interferograms (only form
interferograms with adjacent acquisitions) using the Sentinel-1
TOPS InSAR processor implemented in the JPL/Caltech ISCE
software. When the data are acquired by Sentinel-1A and B
alternately, this applies to each satellite individually in order
to avoid the extra empirical ramp corrections in ionospheric
correction. The newly implemented ionospheric correction
module is used to do ionospheric correction. When the relative
azimuth FM rate error between reference and repeat images is
large enough to affect InNSAR phase, we also correct for the
resulting InSAR phase error. In the processing, ESD is applied
whether doing ionospheric correction or not.

We use least squares to estimate the displacement time
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series which are then filtered by a temporal Gaussian filter.
We estimate the mean velocity by fitting a linear polynomial
to the filtered time series at each pixel. This is done for both
interferogram stacks without and with ionospheric corrections.

The mean velocity from InSAR time series analysis is
compared to that estimated from GPS time series downloaded
from Nevada Geodetic Laboratory (http://geodesy.unr.edu/) by
projecting the GPS velocity into the InSAR line-of-sight (LOS)
direction. In areas near California, high-quality long-term GPS
data are available. In other areas, only data of short time span
are available for some stations. This affects the estimation of
mean velocity, particularly when the displacement is
non-linear. In addition, we find the inaccurate vertical velocity
estimated from GPS data can significantly affect the
root-mean-square (RMS) error in the comparison, especially
for the two tracks in northern Chile. We therefore only project
the two horizontal GPS velocity components into InSAR LOS
direction.

C. Results

The ionospheric correction results for the time series
analysis are shown in Fig. 15 (western US, A122), Fig. 16
(western US, D100), Fig. 17 (northern Chile, A149) and Fig.
18 (northern Chile, D156), respectively.

The ionospheric effects in northern Chile (low-latitudes) are
much stronger than those in western US (mid-latitudes), in
agreement with the spatial variations of the Earth’s ionosphere.
Temporarily, the data acquired on ascending tracks (dusk)
have much stronger ionospheric effects than those acquired on
descending tracks (dawn), in agreement with the diurnal
variations of the ionosphere. In the longer time scale, the
ionospheric effect weakens from 2014 to 2018, which is
governed by the 11-year solar cycle. To more clearly reveal
the temporal variations associated with solar cycle, we
compute the standard deviation of each ionospheric phase
image and compare it with monthly mean total sunspot
number in Fig. 19. The correlation between them for all four
tracks is clear. However, no clear seasonal variations are
found. Perhaps this is also because we don’t have enough
temporal sampling to reveal seasonal variations.

For the mean velocities estimated from time series analysis,
the improvement after ionospheric corrections for track A149
in northern Chile is biggest as these data were acquired in
low-latitudes around dusk. Ionospheric effect must be
removed to measure the large-scale tectonic motion in this
case. The improvement for tracks D156 in northern Chile and
A122 in western US is small, but can still be clearly seen.
Taking track A122 shown in Fig. 15 as an example, the colors
inside the black circles at GPS stations CARE, AZRV and
RGO1 are closer to their surrounding colors with ionospheric
correction, indicating the improvement brought by ionospheric
correction. For these two tracks, ionospheric correction may
be more important when exploring transient fault motion. For
track D100 in western US, the RMS is slightly higher with
ionospheric correction. This, however, is not surprising. First
of all, the data were acquired at mid-latitudes around dawn,
and therefore ionospheric effect is minimum, small enough to

be ignored. Second, ionospheric correction contains not only
improvement, but also errors. These errors can be from
decorrelation, which is significantly amplified when
computing ionospheric phase, and the common phase
unwrapping errors of the lower and upper bands. In this case,
ionospheric correction is not recommended.

In the results shown in Fig. 18, the RMS is higher than
those of other tracks. In addition, Fig. 17 and Fig. 18 share
some common GPS stations, but their values are different in
the two figures. After inspecting the GPS data, we find that
there are relatively large fluctuations due to unknown reasons
(not seem to be seasonal). In addition, there are only short
period of data available for some stations. As for InSAR data,
the time spans of different tracks are not exactly the same.
These reasons may contribute to the anomalies found in Fig.
17 and Fig. 18.

As we can see from Figs. 15-18, the ionospheric phase is
mostly long-wavelength signal as already observed in previous
practice. Its effect in the mean velocity is also mostly
long-wavelength signal, implying that a GPS network evenly
distributed in the same area can be used to largely remove the
effect. To further quantify its variations as a function of
distance, we compute the following RMS along azimuth
direction

. . s a2
Z?:A;(A(nbilon - A¢il;nm)
Nai

(20)

RMSazimuth(Ai) :\]

where Al and AgiFAt are two pixels with an azimuth
separation or distance of Ai in the ionospheric phase image.
Inside the square root, it means computing the difference
squared of any pair of pixels separated by Ai, and taking the
average. Inside the square root is actually the empirical
variogram usually used in geostatistics which provides a
description of how the data are correlated with distance. Here
we don’t include range direction due to the limitation of swath
width. The number of samples available for the average in
(20) decreases with separation or distance, therefore it is
recommended the distance should not be larger than half of
the image [51]. For our computation, we have a lot of columns
in each image, and we use all the ionospheric phase images for
each track, so we relax the limit to 0.8 image length. The
results are shown in Fig. 20. Note that the result of track A149
is divided by 5 in order to fit into the plot. We can see that
even within a distance of more than 500 km,
RMS, imuth (Af) is still mostly linearly increasing with
distance, with no indication of decreasing or approaching a
maximum value (or sill as called in variogram terminology).
This provides an idea of the impact of the ionospheric effect in
terms of scale.

V. CONCLUSION

Overall, the range split-spectrum method is effective and
successful in removing the phase introduced by ionospheric
effects for C-band Sentinel-1 TOPS mode InSAR data.
Extra-corrections are required when computing ionospheric
phase for pairs with different starting ranges and cross
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Sentinel-1A/B pairs. Very accurate correction, especially near
burst edges, is limited by the requirement of the height of the
ionosphere and the need for strongly filtering the computed
ionospheric phase considering the relatively small separation
of the two range subbands. The major limitations of this
method for operational use are decorrelation and phase
unwrapping error, which are more severe at C-band.

The behaviors of the ionosphere are already studied in a
number of other related fields, which is important for looking
at the ionospheric effects in InSAR. By processing four
representative Sentinel-1 InSAR stacks acquired at different
latitudes and different local times of a day (or orbit directions),
we find that the ionospheric effects are very strong for data
acquired at low-latitudes (geomagnetic latitude) on ascending
tracks (dusk-side of the Sentinel-1 dawn-dusk orbit). The
introduced phase must be removed in order to get usable
results from time series analysis. For data acquired at
low-latitudes on descending tracks (dawn-side of the
Sentinel-1 dawn-dusk orbit) and at mid-latitudes on ascending
tracks, the ionospheric effects are small, but improvement
after correction is still clear in the time series analysis results.
In these cases, ionospheric correction may be more important
when exploring transient fault motion. For data acquired at
mid-latitudes on descending tracks, ionospheric effects are
mostly small enough to be ignored, and corrections are
therefore not recommended. The errors introduced by
ionosphere are mostly long-wavelength signals, and therefore
ionospheric correction can be important for measuring
large-scale tectonic motion.
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Fig. 1. (a) Typical vertical profiles of electron density in the mid-latitude ionosphere [23]. (b)
Ionospheric regions according to their geomagnetic latitudes [26] overlaid on a global vertical
TEC map interpolated from results processed by NASA JPL (https://iono.jpl.nasa.gov/) using
data from International GNSS Service.
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Fig. 3. The overall workflow for the InSAR ionospheric correction of Sentinel-1 TOPS mode.
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by ionosphere. (d) Phase for correction. (e) Original interferogram with ESD applied. (f)
Corrected interferogram. Note that the values in (a)-(d) are wrapped. The data partly cover
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2017 and November 10, 2017 on ascending track 149.
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Fig. 7. Ionospheric correction for interferogram with high frequency ionospheric effects. (a)
Original interferogram. (b) Phase for correction. (c) Corrected interferogram. The data cover
Mexico City, Mexico and were acquired on December 9, 2015 and December 21, 2015 on
descending track 143.

(rad)

Fig. 8. Computed ionospheric phase for a pair with different starting ranges. (a) Original
computed ionospheric phase. (b) Ionospheric phase after removing discontinuities between
subswaths. (c) Ionospheric phase after filtering. The data partly cover northern Chile and were
acquired on April 13,2015 and May 7, 2015 on ascending track 149.
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Fig. 10. Range ramp in the computed ionospheric phase of a cross Sentinel-1A/B pair. (a)
Original ionospheric phase. (b) Range ramp. (c) Ionospheric phase after removing range ramp.
The data partly cover northern Chile and were acquired on July 25, 2016 (Sentinel-1A) and
September 29, 2016 (Sentinel-1B) on descending track 156.
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Fig. 12. (a) Original interferogram. (b) Ionospheric phase. (c) Interferogram with only
ionospheric correction. (d) Phase error caused by relative azimuth FM rate error. (e)
Interferogram with both ionospheric correction and correction for relative azimuth FM rate error.
The data partly cover northern Chile and were acquired on November 4, 2015 (focused by IPF
002.53) and November 28, 2015 (focused by IPF 002.60) on descending track 156.
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Fig. 19. The correlation between the solar activity (sunspot number) and the ionospheric effect
(ionospheric phase). The sunspot number is from WDC-SILSO, Royal Observatory of Belgium,
Brussels, Belgium.
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Fig. 20. The variation of ionospheric phase (converted to deformation) as a function of azimuth
distance.
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