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1. INTRODUCTION

The support provided in the GAMMA Software for the identification and mitigation of ionospheric
effects on differential interferograms is summarized in this document.

Ionospheric effects on SAR data are present at all wavelengths, but more pronounced at longer
wavelengths. Early results of the BIOMASS P-band SAR mission confirmed its interferometric
capability, but they also show that many of the interferograms are significantly affected by ionospheric
effects. Relevant effects are also frequently observed in L-band data (PALSAR, NISAR-L).

Spatial variations in the free electron concentration in the ionosphere affect SAR Interferometry in two
ways:

1) Path delay gradients in the azimuth direction cause positional shifts.
2) The temporal and spatial variation of the ionospheric path delay affects the interferometric phase.

Furthermore, the ionosphere causes Faraday rotation effects, which effect affects the cross-polarization
backscatter and polarimetric parameters. The Faraday rotation depends on the total free electron
concentration along the imaging path. The first two effects depend on the spatial variation of the free
electron content in the ionosphere.

In this technical report, we document the support in the GAMMA Software for the identification and
mitigation of the ionospheric effects on positional offsets and the interferometric phase.

We first discuss methods to identify the presence of ionospheric effects in an interferometric pair. Then
we present methods to mitigate ionosphere-related positional offsets and path delays and discuss the
applicability of these methods. An overall “flow-chart” for a processing sequence to identify and
mitigate ionospheric effects is shown in Figure 1, with further related information in Table 1.

As examples we use two data sets:

1) A BIOMASS-P interferometric pair. The main frequency band corresponds to the full available
bandwidth; the lower and higher frequency bands are the selected two sub-bands (e.g. highest
and lowest third of the available spectrum). So there are three different center frequencies.

2) A NISAR-L interferometric pair acquired in the special mode with a main 20 MHz chirp
bandwidth band and a spectrally separated additional band 5 MHz chirp bandwidth data set. The
center frequencies of the main band and the lower band are identical.

The principles used in the two cases are the same, but the processing slightly differs. In the NISAR-L
case it is for example necessary to bring the data of the main band and the secondary band into the
same geometry.
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Table 1 Further information for the steps of the ionosphere phase identification and estimation process.

Nr - Name

Inputs

Outputs

Related Gamma Software programs

Remarks

1) SLC coreg.

datel .slc, date2.slc,
heights in related MLI geometry

date2.rslcl,
co-registration lookup table

SLC coreg.py

Co-registration based on orbit and DEM
geometry with a constant offset refinement.

2) Split-beam

datel .slc, date2.rslcl

Split-beam double difference interferogram

Non-zero phase indicates ionospheric effects

interferometry SBLINT or along-track displacements.
datel sle, date2.rslc] date2.'r5102, range and azimuth offset fields,
combined co-reg. lookup table.
3) Offset field - : :
refinement Matching techniques are used to determine an
SLC coreg_refine.py, It refine offset refinement field. 1t_refine is used to
determine the refined co-reg. lookup table.
datel.slc, date2.rslc2, . . .
4) Differential heights in related MLI geometry Complex differential interferogram (diff)
interferometry Phase includes deformation phase,

phase sim_orb, SLC diff intf

atmospheric phase, ionospheric phase.

5) Split spectrum

datel .slc, date2.slc,
refined coreg-It

Split-spectrum double difference
interferogram (ssi_ddiff)

interferometry The sub-band SLCs are co-registered using
SSLINT, bpf the refined coreg. lookup table
6) Phase unwrapping Complex differential interferogram Unwrapped differential interferogram

fspf, mcf

Spatial unwrapping with filtering

7) Complex 2x
ionospheric phase

Complex diff and ssi_ddiff

Complex valued images of twice the
ionospheric and non-dispersive phase

SSI_ionosphere.py

The advantage is that no unwrapping of the
diff. interferogram is needed.

8) Ionospheric phase

Unwrapped diff and ssi_ddiff

Ionospheric phase

SSI_ionosphere.py
ionosphere mitigation factors.py

Calculate and apply scaling factors used to
get the ionospheric phase.
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2. IDENTIFICATION OF IONOSPHERIC EFFECTS

For an interferometric SLC pair, the presence of ionospheric effects can be identified based on the co-
registration offset field or based on the azimuth sub-band double difference interferogram (also called
split-beam interferogram).

For the NISAR-L case with two separated (range-)spectral band images available the ionosphere
identification procedure is completed for the main frequency band image.

2.1. Co-registration refinement offset field based identification of ionospheric effects

The co-registration offset-field based approach starts with the co-registration of the second SLC to the
reference SLC geometry based on the orbital parameters and a digital elevation model. The related
geometric model is refined with a single range and azimuth offset (not an offset field). To get the DEM
heights in the multi-look geometry, we generated a multi-look intensity image and conduct a geocoding
procedure using a digital elevation model. Then the program SLC coreg.py is used

SLC coreg.py 20251215.hh.slc 20251215.hh.slc.par 20251215.hh.rslcl 20251215.hh.rslcl.par
20251215.hh.rmli 20251215.hh.rmli.par 20251212 .hh.slc 20251212.hh.slc.par
20251212.hh.wgs84.hgt 5 35 --npoly 1

As aresult we get the co-registered file denominated 20251215.hh.rslcl. In a second step we determine
an offset field between the reference geometry 20251212.hh.slc and 20251215.hh.rslc1. The program
SLC coreg refine.py supports this step. Besides the offset field determined using matching techniques
it also generates a conditioned offset field (outliers rejected, spatially filtered and interpolated) and
visualizations of the derived refinement offset fields.

SLC coreg refine.py 20251215.hh.rslcl 20251215.hh.rslcl.par 20251215.hh.rslc2
20251215.hh.rslc2.par 20251212.hh.slc 20251212.hh.slc.par --rstep 5 --azstep 35 --rwin 64 --azwin

256 --r_filt 5 --offset_img --n_ovr 2
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Figure 2 Range (a) and azimuth (b) refinement offset fields determined for a BIOMASS-P
interferometric pair. Notice the different color scales used. The observed range offsets are up to
0.02 range pixel (basically none), and up to 0.47 azimuth pixel.
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Figure 3 Range (a) and azimuth (b) refinement offset fields determined for a NISAR-L
interferometric pair. Notice the fine color scales used (£0.02 SLC pixel). The characteristics of
the observed azimuth offsets corresponds well to what is observed for ionospheric effects.

Images of the range and azimuth refinement offset fields are shown in Figure 2 for the
BIOMASS-P example and in Figure 3 for the NISAR-L example. In the BIOMASS-P example
the level and spatial shape of the azimuth refinement offsets indicate clearly if there are
significant ionospheric path delay effects. An azimuth offset of one SLC pixel corresponds
roughly to 2m path delay phase gradient across the length of the synthetic aperture. In the
NISAR-L example the observed azimuth offsets are very small (0.02 SLC pixel), but some of
the observed patterns look typical for ionospheric effects.

Besides the ionospheric effects ground motion occurring between the two acquisitions can also
cause positional offsets. Considering both the range and azimuth co-registration refinement
offset fields usually permits deciding if the offsets are caused by ionospheric effects or by ground
motion. In the case of ground motion the range offsets typically also differ significantly from
zero while this is less the case for ionospheric effects. The exception, i.e. ground-motion which
is strictly in the along-track direction (without cross-track or vertical component), is not very
likely. Besides, the spatial pattern of ground-motion often relates to the topography.

The information on the presence of ionospheric path delay effects obtained from the co-
registration refinement offset fields also supports the decision concerning the mitigation of
related effects. In the case of low to intermediate level effects, the case shown in Figure 1 is an
example for intermediate level effects, it is often possible to mitigate the ionospheric effects.
The mitigation includes a positional correction, done through the application of the determined
co-registration refinement with an offset field, and a phase correction. 20257215.hh.rslc2 is the
co-registered second SLC after the application of the offset field correction.

2.2.  Split-beam interferogram based identification of ionospheric effects

The split-beam double difference interferogram procedure includes the azimuth bandpass
filtering of the two SLCs, the calculation of differential interferograms for the two azimuth sub-
band SLC pairs, and the calculation of the double difference interferogram, which can be done
in a combination of the two complex valued differential interferograms. It is relevant that the
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co-registration is not done with an offset-field refinement, as this will remove the azimuth offset
related phase in the split-beam double difference interferogram.

In the GAMMA Software the program SBI INT can be used to calculate the split-beam
interferogram. The processing starts from the SLC files co-registered without co-registration
offset field refinement (20251212.hh.slc and 20251215.hh.rsicl). The filter parameters are
specified through the normalized squint difference parameter. A normalized squint difference
0.5 means that the two azimuth sub-band filters used centered at the Doppler Centroid +0.25
times the processing bandwidth. Using a larger value results in a larger doppler offset (= more
phase) but in reduced filtered bandwidths (= more noise).

SBI INT 20251212.hh.slc 20251212.hh.slc.par ../20251215.hh.rslcl 20251215.hh.rslcl.par
20251212 20251215.sbi 20251212 20251215.sbi.off 20251212 20251215.sbi.pwr
20251212 20251215.sbi.pwr.par 0.5 53500

The phase of the complex valued split-beam interferogram is visualized in Figure 4. The non-
zero phase clearly indicates the presence of ionospheric effects. The strong phase variation at
the very top and very bottom of the image is an artefact (either caused in the SAR processing
that generated the SLC or in the band-pass filtering used to get the sub-band SLCs).
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Figure 4 Phase of the BIOMASS-L (left) and NISAR-L (right) split-beam interferograms.
Notice the very different color scales. using a color scale with one phase cycle per color cycle.
While the effects are at the 1 radian level in the BIOMASS case they are only at the 0.05 radian
level in the investigated NISAR-L example.

The resulting non-zero phase relates either to ionospheric effects — the signal of the two sub-
bands propagates through different parts of the ionosphere to the same pixel on the surface — or
to an along-track ground motion. Typically, motion effects and ionospheric effects can be
discriminated since the prior ones relate to the surface characteristics or processes such as
earthquakes or ice motion.
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2.3. Single SLC based identification of ionospheric effects

There is also the possibility to identify ionospheric effects in a single SLC. This is done by
determining an offset field between two azimuth sub-bands of an SLC. The method is supported
by the program ionosphere_check

ionosphere_check 20160601.hh.slc 20160601.hh.slc.par 32 256 0.01 10 30

Figure 5 shows the result obtained for two 28MHz bandwidth PALSAR-2 HH-pol. SLCs
acquired on 20150225 and 20160601 together with the corresponding azimuth refinement offset
field. The azimuth refinement offset field clearly indicates that the interferogram between these
two scenes is affected by significant ionospheric effects. The single SLC sub-band azimuth
offset fields of the two SLCs indicates that the ionospheric effects occur on 20160601 (and not
on 20150225).
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co-regls;tlon offset refinement SLC sub-band aimuh offs
20150225 20160601 20150225 20160601

Figure 5 The image to the left shows the azimuth component of the co-registration refinement
offset field of the registration of 20160601 to the scene of 20150225. The images to the right
show the azimuth sub-band azimuth offset fields of the two SLCs used.

While this worked well in the PALSAR-2 L-band example shown in Figure 5 — the method was
not successful with some P-band BIOMASS data sets investigated. The obtained azimuth offsets
looked noisy, making it difficult to clearly identify ionospheric effects.

If it works, the advantage of the method is, that it identifies in which data set (on which date)
the ionospheric effects occur — while the other methods do this for an interferometric data pair.
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3 MITIGATION OF IONOSPHERIC EFFECTS

Interferometry is affected mainly by two ionospheric effects: (1) ionosphere-related positional
offsets and (2) spatial variations in the ionospheric path delay.

3.1  Mitigation of ionosphere-related positional offsets

Ionosphere (and ground-displacement) related positional effects are corrected in the co-
registration refinement with an offset field (supported by the program SLC coreg refine.py ).
This only works well for small and intermediate level ionospheric effects. In cases with a very
high along-track variation of the free electron concentration in the ionosphere (causing azimuth
positional offsets larger than one azimuth pixel), this procedure does not fully correct the effects.
Along a synthetic aperture the path delay varies very dynamically. For a better correction the
correction needs to be more adaptive. Different parts of the azimuth spectrum (corresponding to
parts mapped with different squint angles, and therefore seen through different parts of the
ionosphere) need to be corrected with different azimuth offsets. In practice this can be done,
applying the procedure to sub-bands of the azimuth spectrum — which permits extending the
correction to somewhat “wilder conditions”. The separately corrected azimuth sub-band SLCs
can then again be combined. It is possible to improve the co-registration in this way — as
demonstrated by higher coherence levels — but for the most difficult situations, such as P-band
data in arctic regions during “ionospheric storms”, a perfect correction is not achieved.

3.2 Mitigation of spatial variations in the ionospheric path delay

The interferometric phase not only contains information about ground geometry and
displacement, but also is influenced by change in the troposphere and ionosphere. Satellite-based
SAR systems are generally located at altitudes above 500 km, i.e. above a significant part of the
ionosphere. The interferometric SAR phase can be expressed as a sum of phase components.
These are the orbital phase, the topographic phase, the deformation phase, and the differential
tropospheric path delay phase. All of these are linearly dependent on the radar frequency. The
ionospheric phase shift (in radians), or ionospheric phase for short, on the other hand, is
dispersive and inversely proportional to the frequency.

The concept of the split-spectrum approach is to determine separate interferograms for spectral
sub-bands, permitting separation of the dispersive and the non-dispersive phase terms based on
its different frequency dependence.

For the estimation of the ionospheric path delay phase, we apply the split-spectrum method as
described in [1,2]. The full bandwidth differential interferogram is generated and spatially
unwrapped. The split-spectrum double difference interferogram is generated by combining the
two complex valued sub-band differential interferograms. The resulting phase variations are
typically smaller than half a phase cycle, permitting to directly extract the “unwrapped” phase
values without spatial phase unwrapping step. In the BIOMASS case and using the lowest and
highest third of the 6 MHz chirp bandwidth for the split-spectrum double difference
interferogram, the factors used to calculate the ionospheric path delay phase based on the
unwrapped full bandwidth differential interferogram phase and the split-spectrum double
difference interferogram phase are 0.5 and -54.38. This ionospheric path delay phase can then
be subtracted from the full bandwidth differential interferogram to get the “ionosphere
corrected” differential interferogram. At P-band, the coherence of pairs with short time intervals
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is typically very high, which facilitates the unwrapping step. In cases with low or intermediate
level path delay variations the ionospheric path delay phase variations can typically be estimated
and used to subtract this ionospheric path delay phase term from the BIOMASS interferograms.
But there are cases with “too wild” ionospheric effects, observed in arctic regions, where the
mitigation procedure used was not successful.

As derived in [1] the ionospheric phase and the non-dispersive phase can be written as a linear
combination of the differential interferogram ¢y and the double difference interferogram (¢@u -

oL):
¢iono,0 = x¢0 + Z(¢H - ¢L) and ¢nd,0 = (1 - x)¢0 - Z(¢H - ¢L)

with x = 7z fsz_fL and 2z = Z 72 fo
0_fb 0_fo
(E‘H)‘(fH‘fL) (m‘ﬁ)‘(fH‘fL)

For various SAR sensors and modes the x and z factors are listed in [2]. The x and z factors for
BIOMASS-P data with 6 MHz bandwidth and using the lowest and highest third of the available
spectrum for the split-spectrum approach are x = 0.499989 and z = -54.38.

The phases of the double difference interferogram are typically small, so that they can directly be
unwrapped using cpx_to_real, considering that the phases are in the lowest ambiguity. Unwrapping of
the differential interferogram can be done using mcf. Typically, applying a relatively strong multi-
looking, e.g. 5 x 35 looks, facilitates the unwrapping and is sufficient for the spatial resolution targeted
for the ionospheric phase screen. The program SSI INT supports the calculation of the double
difference interferogram. It applies the band-pass filtering for the split-spectrum interferometry using
bpf ssi (done on the original SLCs, not on the co-registered SLCs!), resamples the spectrally filtered
SLCs to the reference geometry, calculates the differential interferograms for full-bandwidth, and the
low and high sub-band, and calculates, filters and unwraps the double difference differential
interferogram. The program ionosphere _mitigation_factors.py can be used to calculate the ionosphere
mitigation model parameters. After unwrapping the full bandwidth differential interferogram (using
mcf) the ionospheric phase can be calculated using /lin comb. Alternatively, the program
SSI ionosphere.py can be used. It covers both the calculation of the factor and the linear combination
step. If needed this reduced resolution ionospheric phase estimate can be resampled to the full
resolution of the differential interferogram, using resamp image par and subtracted from the full
resolution differential interferogram to get the non-dispersive phase at full resolution.

For some of the examples investigated we observed in the resulting corrected differential interferogram
a certain overall almost linear phase trend. This trend may be related to imperfect baselines.
Unwrapping the interferogram and using quad fit permits estimating this residual phase ramp and
quad_sub can be used to subtract it. Figure 6 shows the differential interferogram, the estimated
ionospheric phase, the resulting non-dispersive phase and the final corrected phase after subtracting an
additional linear phase ramp.
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Figure 6 BIOMASS-P differential interferogram 20251212 — 20251215 over Maquinchao, Argentina
(diff), estimated ionospheric phase, (iono) the resulting non-dispersive phase (corrl) and final corrected
phase after subtracting an additional linear phase ramp (corr2).

In the following the main related GAMMA processing steps are listed.

Starting from the co-registered SLCs (considering an offset field refinement) we calculate the
differential interferogram using phase _sim_orb and SLC _diff intf (Step 4 of Figure 1):

create offset 20251212.hh.slc.par 20251215.hh.rslc2.par 20251212 20251215.hh.off 1 5 35 0

phase_sim_orb 20251212.hh.slc.par 20251215.hh.rslc2.par 20251212 20251215.hh.off
20251212.hh.wgs84.hgt 20251212 20251215.hh.ph_sim 20251212.hh.slc.par - - 1 1

SLC diff intf 20251212.hh.slc 20251215.hh.rslc2 20251212.hh.slc.par 20251215.hh.rslc2.par
20251212 20251215.hh.off 20251212 20251215.hh.ph_sim 20251212 20251215.hh.diff 5 35

In addition we calculate the coherence (as quality measure and to use it in the phase unwrapping:

cc_ad 20251212 20251215.hh.diff 20251212.hh.mli 20251215.hh.rmli - - 20251212 20251215.hh.cc
31425

As preparation for the calculation of the split-spectrum double difference interferogram with SSI INT
we need to combine the co-registration lookup table (determined with SLC coreg.py) and the co-
registration offset refinement field (determined with SLC coreg refine.py) into a single lookup table.

For this we first convert the values in the offset fields from SLC pixels numbers to MLI pixel numbers

cpx_to real 20251215.hh.rslcl.offs.filt real 314 0

cpx_to_real 20251215.hh.rslcl.offs.filt imag 314 1

lin_comb 1 real 0. 0.2 real.mli 314 # 5 range looks --> 1/5 = 0.2
lin_comb I imag 0. 0.0386 imag.mli 314 # 35 azimuth looks --> 1/35 = 0.0386
real to cpx real.mli imag.mli 20251215.hh.rslcl.offs.filt.mli 314 0

and add these then in a complex valued addition to the lookup table (both in number of MLI pixels), to
get the final lookup table 20251215.hh.slc.lt_final
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lin_comb _cpx 2 20251215.hh.slc.lt fine 20251215.hh.rslcl.offs.filt.mli 0. 0. 1. 0. 1. 0.
20251215.hh.slc.lt_final 314

Alternatively, the combination of the co-registration lookup table and the co-registration offset
refinement field can be done in a single step using the program /t_refine (added to the software with
the mid 2026 release)

It refine 20251215.hh.slc.lt fine 20251215.hh.slc.off 20251215.hh.rslcl.offs.filt
20251215.hh.rslcl.off 20251215.hh.slc.lt_final

After this we generate the split-spectrum interferogram (using SSI_INT)

SSI _INT 20251212.hh.slc 20251212.hh.slc.par 20251212.hh.mli 20251212.hh.mli.par
20251212.hh.wgs84.hgt 20251215.hh.slc.lt_final 20251215.hh.slc.off 20251215.hh.slc
20251215.hh.slc.par 2 20251212.hh 20251215.hh 20251212 20251215.hh . 1

This command generates the double difference interferogram 20251212 20251215.hh.ddiff and the
unwrapped double difference interferogram 20251212 20251215.hh.ddiff.unw. Furthermore, it also
generates the full bandwidth differential interferogram 20251212 20251215.hh.diff.

To apply the ionosphere estimation models we need now to calculate the related factors for the sensors
and filter parameters used (done using ionosphere_mitigation_factors.py) and, for the quantitative
estimation of the ionospheric phase screen, we need to unwrap and filter the differential interferogram.
The values of the split spectrum double difference interferogram are typically within a fraction; a
direct conversion of the complex values to phase values can be used instead of a spatial unwrapping.
The both unwrapped phase images should be filtered with similar filter characteristics before their
combination.

Calculate split-spectrum interferometry model parameters:

ionosphere_mitigation_factors.py 20251215.hh.rslc.par 20251215.hh.rslc.flow.par
20251215.hh.rsle.fhigh.par SSI_INT factors.txt

Provides the scale factors

a: 54.6292834
b: -54.1292940
c: -54.1304380

d: 54.6304380
x: 0.4999947
z: -54.3798634

used in the ionosphere phase estimation models:

model 0: phi_ionosphere = a*phi low + b*phi high

model 1: phi_ionosphere = Xx *phi_ave + z* (phi_high - phi_low)
model 2: twice phi_ionosphere = phi_ave + 2 * z* (phi_high - phi_low)
model 3: twice phi non disp = phi ave - 2 *z* (phi_high - phi_low)

A possible procedure for the unwrapping and filtering of the double difference interferogram, could be
ph_offset 20251212 20251215.hh.ddiff 20251212 20251215.hh.ddiff.:tmpl 314 0 165 290 5 5
cpx_to _real 20251212 20251215.hh.ddiff-tmpl 20251212 20251215.hh.ddiff phase.tmp2 314 4
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fspf20251212 20251215.hh.ddiff. phase.tmp2 20251212 20251215.hh.ddiff.phase 314 2 9 4
and for the differential interferogram
fspf20251212 20251215.hh.diff 20251212 20251215.hh.diff -tmpl 31409 0

mef 20251212 20251215.hh.diff.tmpl 20251212 20251215.hh.cc -
20251212 20251215.hh.diff unw.tmp2 3142 - - -~ 1 1 512 165 290 1

ph_offset 20251212 20251215.hh.diffunw.tmp2 20251212 20251215.hh.diff unw.tmp3 314 2 165
29055

fpf20251212 20251215.hh.diff.unw.tmp3 20251212 20251215.hh.diffunw 314 2 9 4

Having now the complex valued and unwrapped phases of the full bandwidth differential interferogram
and of the split-spectrum double difference interferogram available, the ionospheric and non-dispersive
phases can be calculated using the different ionosphere phase estimation models.

For the complex valued based models 2 and 3, that do not require unwrapping of the differential
interferogram, we first calcualte 2 * z * (phi_high - phi_low):

lin_comb 120251212 20251215.hh.ddiff.phase 0. -108.76 20251212 20251215.hh.scaled phase
31410110

and use it then to to calculate the complex valued images with the phase corresponding to twice the
ionospheric phase and twice the non-dispersive (or “ionosphere-corrected”).

Model 2: twice phi_ionosphere = phi_ave + 2 *z* (phi_high - phi_low)

subtract _phase 20251212 20251215.hh.diff 20251212 20251215.hh.scaled_phase
20251212 20251215.hh.2iono 314 -1

Model 3: twice phi_non-disp = phi_ave - 2 *z* (phi_high - phi_low)

subtract_phase 20251212 20251215.hh.diff 20251212 20251215.hh.scaled phase
20251212 20251215.hh.2non-disp 314 1

The real valued ionospheric phase is calcualated using model 1.
Model 1: phi_ionosphere = x *phi_ave + z* (phi_high - phi_low)

lin_comb 220251212 20251215.hh.diff: unw 20251212 20251215.hh.ddiff-phase 0. 0.4999947 -
54.3798634 20251212 20251215.hh.iono.unw 31410110

Alternatively, we can use the program SS/ ionosphere.py to do the calculation of the scaling factors
and using these in the linear combination to calculate the ionospheric phase in a single step:

SSI ionosphere.py 20251215.hh.rslc.par 20251215.hh.rslc.flow.par 20251215.hh.rslc.fhigh.par
20251212.hh.mli 20251212.hh.mli.par 20251212 20251215.hh.diff 20251212 20251215.hh.diff-unw
20251212 20251215.hh.ddiff phase 1 20251212 20251215.hh --JPG

Optionally, additional spatial filtering can be applied for the estimated ionospheric phase and the phase
of a reference area may be subtracted.

Then, we can calculate the complex valued and unwrapped non-dispersive (ionosphere-corrected)
images
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subtract phase 20251212 20251215.hh.diff 20251212 20251215.hh.iono.unw
20251212 20251215.hh.non-disp 314 1

lin_ comb 220251212 20251215.hh.diff unw 20251212 20251215.hh.iono.unw 0. 1. -1.
20251212 20251215.hh.non-disp.unw 31410110

As shown in the third image of Figure 6 this image often includes a significant overall linear phase
trend. We estimate and subtract this linear phase ramp using

create_diff par 20251212 20251215.hh.off 20251212 20251215.hh.off
20251212 20251215.hh.diff par 00

quad_fit 20251212 20251215.hh.non-disp.unw 20251212 _20251215.hh.diff par 11 - - 3
20251212 20251215.hh.ramp

quad_sub 20251212 20251215.hh.non-disp.unw 20251212 20251215.hh.diff par
20251212 20251215.hh.non-disp.unw.deramped 0 0

3.3 Adaptation of processing sequence for the NISAR-L case with two spectral bands

The mitigation of positional offsets is done separately per spectral band. It can be done in the same
way as in the BIOMASS-P case.

For the mitigation of the ionospheric path delay phase effects an efficient way is to calculate the
differential interferograms of the main and the secondary spectral bands separately, in their own
geometry. The range multi-looking factor used for the main 20MHz band can be selected to be 4 times
the value selected for the narrow SMHz band — resulting in comparable spatial resolutions.

To calculate the split spectrum double difference interferogram the complex valued differential
interferogram of the narrow band is resampled to the geometry of the main (wider) band, using
resamp_image_par.

The other steps are as for the single spectral band case. Figure 7 shows for an example the differential
interferogram, the estimated ionospheric phase, and the corrected differential interferograms before
and after subtracting an additional linear phase ramp.

dif e iono corrl c2

Figure 7 NISAR-L differential interferogram 20251122 — 20251204 over the Great Rift Valley in
South Eastern Africa (diff), estimated ionospheric phase (iono), the resulting non-dispersive phase
(corrl) and final corrected phase after subtracting an additional linear phase ramp (corr2).
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4 DISCUSSION

The two approaches used to identify ionospheric effects based on an interferometric pair are robust,
reliable and can be automated. Using the co-registration refinement offset-field based approach is
particularly convenient, as it also provides the offset-field-refined co-registered SLCs. The co-
registration quality is good enough to get coherence values interpretable with respect to the scatterer
characteristics and phases that can be unwrapped — except for pairs affected by spatially very strongly
varying ionospheric effects as observed sometimes in arctic areas.

The mitigation of the ionospheric path delay using the described split-spectrum based approach usually
works fine, again except for the cases with spatially very strongly varying ionospheric effects. Overall,
the presence of ionospheric effects can be identified and, in most cases, corrected for. The cases with
“wild distortions” can be identified. In these cases, fully correcting the data for ionospheric effects
seems very difficult to achieve.

The single spectral band example chosen for this report is using ESA BIOMASS P-band data. P-band
data is strongly affected by ionospheric effects. The split-spectrum method, which is typically used for
this purpose with L-band and higher frequency data, is also performing well at P-band for BIOMASS
data, this in spite of the narrow 6 MHz chirp bandwidth of the sensor. Because of the lower P-band
frequency, the factors used in the ionosphere phase estimation models correspond to the factor of L-
band data with about 20 MHz bandwidth. Our results clearly confirm the applicability of the technique
for BIOMASS-P interferometry.

The dual spectral band example chosen for this report is using NISAR-L data acquired with a main
20MHz band and a spectrally separated narrow SMHz band. Similar acquisitions are also possible with
PALSAR-3 on ALOS-4. Our results confirm the applicability of the technique for this data type. The
wider separation of the spatial band increases the sensitivity of the split-spectrum double difference
interferogram to the ionospheric path delay phase effects.

The NISAR-L pair is a co-seismic acquisition for an earthquake, so it also shows the relevance of along
track ground motion for the identification of ionospheric effects.

It is foreseen that some data sets provided by the agencies (ESA, NASA) will be corrected (partially)
for ionospheric effects. Applying further correction is adequate — the resulting corrections become of
course smaller, but they are still adequate and an improvement.
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