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II. Technical Report

Tightly controlled baselines of the Sentinel-1 satellites ensure that all acquisitions can be interfered
with their immediate neighbors, thus providing sufficient information for continuous time series. We
are employing an iterative common-scene stacking method (CANDIS) for the calculation of noise
due to atmospheric, ionospheric, and orbital artifacts directly from the SAR data (Tymofyeyeva
and Fialko 2015, 2018). Our algorithm exploits the fact that interferograms that share a common
scene necessarily contain the same contributions from delays in the radar phase due to propagation
effects. Because ionospheric contributions and long-wavelength “ramps” due to incorrect orbital
information have the same property of changing sign in the shared interferograms, they can be
estimated using the same procedure.

We have validated this method by inverting synthetic data that contain realistic atmospheric
noise and a known deformation signal, as well as by comparisons of InSAR and GPS time series
(Tymofyeyeva and Fialko 2015, 2018). Among the limitations of the previous (ERS-1/2, ENVISAT,
ALOS-1) data sets are uneven coverage from the ascending and descending orbits, and relatively
narrow swathes (resulting in discontinuities in the LOS velocities across the swath boundaries).
Sentinel-1 data are much better for generating a regional velocity field due to larger (by a factor of
3) swath width, and regular data takes from both the ascending and descending orbits.

At the next step, we decompose the LOS velocities into the vertical and horizontal components
following the procedure described in Lindsey et al. (2014); Tymofyeyeva and Fialko (2018). This
procedure relies on an additional constraint on the azimuth of the horizontal displacement vector.
This constraint is obtained from the interpolated horizontal (East and North) components of the
velocity field provided by the continuous GPS data. We use secular GPS velocities from the most
recent update to the Crustal Motion Map to provide a reference frame for the InSAR measurements,
and to calculate horizontal azimuths of the deformation field. One can then solve for the magnitude
of the horizontal and vertical velocities at full resolution of InSAR data (assuming that the direction
of horizontal motion does not vary considerably on spatial scales of less that 10 km (average spacing
between the cGPS sites).

We then produce secular rate estimates for each track. For each coherent pixel we compute the
time series by adding up phase increments from the sequential interferograms. Secular velocities are
obtained by fitting a low-order spline to the time series, taking the difference between the beginning
and end of the smoothed displacement time series, and dividing by the respective time interval.

Atmospheric noise is the main factor limiting the accuracy of InSAR measurements of small-
amplitude deformation. One would expect that the signal-to-noise ratio should improve as more
data are acquired. The basic premise behind this expectation is that the non-tectonic contributions
to the differential radar phase are uncorrelated in time, and thus longer time series should result
in more accurate measurements of surface deformation. However, we found that summation of
a large number of interferograms introduces a high-frequency spatial noise that is not present in
“direct” interferograms formed using any two given SAR acquisitions. This problem arises from
errors introduced during filtering of the radar phase prior to phase unwrapping (Lau et al. 2018).
This can be demonstrated using a circuit closure test, i.e. by computing the difference between
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the sum of the radar phase from N sequential interferograms, and a direct interferogram spanning
the entire time period between the first and last acquisitions. In theory, phase circuits should
close to zero, and the phase difference between any two epochs should not depend on the “path”
taken to interferometrically connect the two data takes. In practice, phase circuits are not zero.
It follows that increases in the number of interferometric pairs used for estimating surface motion
may not result in improvements in the signal to noise ratio, and in fact can cause the signal to
noise ratio to go down. This issue was not significant for typical previous data sets consisting
of tens of interferograms, but may become a major limiting factor for massive data sets such as
those provided by the Sentinel-1 mission. We have confirmed that the phase non-closure results
from phase filtering, as similar tests using the raw radar phase (without filtering and multi-looking)
yielded phase residuals that are lower by orders of magnitude. A number of recent studies attempted
to attribute the phase non-closure to physical processes such as variations in the soil moisture (e.g.,
Conde et al. 2018; Yin et al. 2015; Zan et al. 2014; Zwieback et al. 2016, 2017). Our results suggest
that the phase non-closure is a processing artifact that results from phase decorrelation.

Errors due to filtering can potentially significantly bias the results, especially in case of low-
amplitude (sub-centimeter) deformation signals. It is therefore desirable to avoid filtering of the
radar phase in order to improve the accuracy of the InSAR time series. Phase filtering is a standard
procedure in processing of InSAR data; in particular, it considerably facilitates phase unwrapping.
In case of a reasonably high coherence of radar images (which is the case over much of Southern
California), one can compute the full number of phase cycles by differencing the filtered wrapped
and unwrapped phase for each interferogram, and then adding the full cycles to the unfiltered
phase. This is equivalent to taking the difference between filtered and unfiltered wrapped phase
(modulo 2π) and subtracting it from the filtered unwrapped phase. The result is the unfiltered
unwrapped phase. The latter satisfies the circuit closure test if the errors introduced by filtering are
smaller than ±π radians. Pixels that do not satisfy this condition are subject to phase ambiguity
errors equivalent to phase unwrapping errors. In principle, such ambiguities can be identified and
corrected by enforcing circuit closure using redundant interferograms for the entire data set. We
simply use circuit closure to identify and mask out pixels affected by the phase ambiguity errors
after the “unfiltering” procedure. We implemented the unfiltering method and incorporated it in
the data processing chain.
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