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Fig. 10. Time-series of azimuth offsets at stations CTLR and CDLC from
track 103. The vertical gray bars indicate epochs with significant azimuth
offsets compared to the rest of the time-series at station CTLR.

Fig. 11. Ionospheric delay at different frequencies shown as wrapped phase
for the corresponding wavelength. (a) Observed ionospheric phase delay at
L-band [the same as Fig. 9(i)] and predicted delay for the same TEC variation
at different frequencies (b) S-band, (c) C-band, and (d) X-band. If shown as
unwrapped phase, the difference between L- and X-bands would be about a
factor of 60.

down acquisition strategy, when ionosphere scintillation is at
a minimum [37]. Less noisy ionospheric delay from NISAR
will require lighter low-pass filters and, therefore, a higher
frequency ionospheric delay will be preserved.

C. Expected Ionospheric Delay at Different
Carrier Frequencies

The first-order ionospheric delay given in (4) is inversely
proportional to the square of carrier frequency of microwave
signals. Given the same variation of ionosphere TEC and
a similar imaging geometry, ionospheric delay at L-band
frequency (1.27 GHz) is 3.9, 18.1, and 57.7 times larger than
S-band (2.5 GHz), C-band (5.405 GHz), and X-band
(9.65 GHz) frequencies, respectively. Fig. 11 shows estimated
ionospheric delay in Chile at L-band frequency compared with
expected delay at S-, C-, and X-band frequencies assuming
the same TEC variation observed with ALOS-1 and same

Fig. 12. Impact of the ionosphere-induced azimuth offsets on the interfero-
metric phase and coherence for a pair of ALOS-1 acquisitions, acquired on
2007-02-26 and 2007-10-14 from track 103 over Chile. (a) Interferometric
phase and (b) coherence between the two SLCs coregistered with only
geometrical offsets. (c) and (d) Same as (a) and (b) but with azimuth offsets
adjusted with amplitude cross correlation between the two acquisitions. See
Fig. 4 for a plot of azimuth offsets between the two acquisitions.

imaging geometry as ALOS-1. A TEC variation of around
10 TECU between the two SAR acquisitions (2010-02-25 and
2010-04-12) and along 360-km azimuth extent of the imaged
track, results in more than 21 interferometric phase cycles in
L-band while it would only generate 10, 5, and less than
three phase cycles in S-, C-, and X-band interferograms,
respectively.

D. Impact of Azimuth Misregistration

Ionospheric phase gradient in the azimuth direction may
introduce significant azimuth offsets, causing misalignment of
SAR images and resulting in noisy interferograms [6], [20].
Fig. 12 shows an interferogram and the associated coher-
ence map obtained with only geometric coregistration com-
pared with the same interferogram and coherence map after
accounting for the azimuth offsets induced by the ionospheric
phase variation. The azimuth offsets for this pair can be
seen in Fig. 4. If not accounted for, the large ionosphere-
induced azimuth offsets reduce coherence, as well as introduce
noise to and bias the interferometric phase. We note that the
azimuth offsets are induced by the gradient of the ionospheric
phase delay in the azimuth direction and not by the absolute
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magnitude of TEC. For example, the spatially low-frequency
large ionospheric delay variation of around 1.5 m (6.1 TECU)
between 2007-11-29 and 2008-04-15 acquisitions in Fig. 4,
does not introduce significant azimuth offsets. In contrast,
the spatially high frequency ionospheric phase delay between
2007-02-26 and 2007-08-29 acquisitions in Fig. 4 introduce
large phase gradients that cause significant azimuth offsets.

E. Phase Ramps in InSAR Data
Long-wavelength phase ramps in InSAR data have been

traditionally attributed to residual geometrical phase mainly
caused by inaccuracy of satellite orbits. However, based on
reported accuracies of the orbits of SAR satellites, the residual
phase caused by orbital errors even for older SAR missions,
such as European remote sensing satellite and environmental
satellite, is expected to be smaller than a phase cycle over
around 100 km [1]. The expected uncertainty of orbital errors
in ground displacement velocity fields obtained from InSAR
time-series is of the order of 1-2 mm/yr over 100 km for older
satellites and should reach below 1 mm/yr over 100 km for
modern satellites with precise orbits [38]. Here we found that
long-wavelength phase ramps in L-band SAR data acquired
over Chile in the equatorial belt are dominated by ionospheric
delay. The evaluated stack in California is affected by smaller
ionospheric delay, such that the magnitude and temporal
variation of the ionospheric delay is of the order of expected
tropospheric delay in this region. After ionospheric delay
correction, the residuals are most likely due to tropospheric
delay, DEM error, and residual ionospheric delay caused by
high-gradient TEC variation. The contribution from orbital
errors is most likely negligible.

VI. CONCLUSION

We presented an algorithm based on the split range-
spectrum technique for time-series estimation of ionospheric
phase delay from a stack of SAR acquisitions. We applied
the algorithm to three 14-MHz ALOS-1 stacks in Chile and
California with different ionospheric delay characteristics.
Estimated time-series of ionospheric delay shows significant
variation of ionospheric delay of up to 2 m along 445 km in
Chile with both low and high spatial frequencies. The temporal
variation of the delay in California reaches maximum 10 cm
over 160 km with only low spatial frequencies. Correction
for ionospheric delay in regions with high TEC variation
reduces the temporal variation of the InSAR time-series
from meter levels before the correction to centimeter levels
after correction for ionospheric delay. Comparing independent
GPS time-series to InSAR time-series demonstrated significant
reduction in deviation of InSAR from GPS with an RMSE
of 14.0 to 48.0 cm before correction to 1.0 to 6.8 cm after
correction.

Uncertainty in estimates of the ionospheric delay time-series
is a function of the separation between low-band and high-
band frequencies and the coherence of the interferograms.
For highly coherent stacks in arid areas of Chile, stacks of
L-band SAR data with small full-bandwidth of 14 MHz
resulted in uncertainties of less than 1 cm for most acquisition
dates. For the California stack, with less coherence between

the SAR acquisitions, uncertainties were larger (around 2-3 cm
for most acquisitions). Larger range bandwidth and separation
between low-band and high-band center frequencies, shorter
spatial baselines, and more frequent acquisitions will all reduce
the uncertainty in estimates of the ionospheric delay time-
series. Large separation between main band and sideband of
NISAR L-band data is expected to improve the accuracy of
ionospheric phase delay estimation by an order of magnitude
compared to ALOS-1 FBD and by a factor of five compared
to ALOS-1 FBS data.
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