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Abstract: We present a method for estimating the detection threshold of InSAR time-series products
that relies on simulations of both vertical stratification and turbulence mixing components of tropo-
spheric delay. Our simulations take into account case-specific parameters, such as topography and
wet delay. We generate the time series of simulated data with given intervals (e.g., 12 and 35 days)
for temporal coverages varying between 3 and 10 years. Each simulated acquisition presents the
apparent noise due to tropospheric delay, which is constrained by case-specific parameters. As the
calculation parameters are randomized, we carry out a large number of simulations and analyze the
results statistically and we see that, as temporal coverage increases, the amount of propagated error
decreases, presenting an inverse correlation. We validate our method by comparing our results with
ERS and Envisat results over Socorro Magma Body, New Mexico. Our case study results indicate
that Sentinel-1 can achieve ~1 mm/yr detection level with regularly sampled data sets that have
temporal coverage longer than 5 years.

Keywords: INSAR; SBAS; tropospheric delay; data simulation; Socorro Magma Body

1. Introduction

Interferometric Synthetic Aperture Radar (InNSAR) time-series techniques are impor-
tant tools for studying tectonic and non-tectonic ground deformation over large areas with
millimeter-per-year-level accuracy [1-3]. However, INSAR accuracy is affected by various
error sources including orbital errors [1], topographic residuals [4,5], phase unwrapping
errors [6-8], phase decorrelation [9], and tropospheric phase delay (e.g., [10]). An improve-
ment in processing methods and increasing acquisition frequency has reduced the effects
of most error sources. Nevertheless, tropospheric delay remains a significant error source
in InSAR time series, which propagates through the time-series inversion into analysis
products, e.g., velocity field [3,11-14].

Tropospheric phase delay has been investigated by several authors employing a va-
riety of methods. Several studies have divided tropospheric error into systematic and
stochastic components and studied them in space [3,15] and time [10,16,17]. Early methods
were based on spatiotemporal analysis of INSAR data alone [18-21]. More advanced meth-
ods used additional data sources for estimating the tropospheric phase delay and removed
it from InSAR observations. These additional data sources vary from GPS-derived phase
delays [22,23] to satellite-observed phase delays, such as medium resolution imaging spec-
trometer (MERIS) and moderate resolution imaging spectroradiometer (MODIS) [24-28],
and numerical weather models, such as ERA5 of the European Centre for Medium-Range
Weather Forecasts (ECMWF) [26,29,30]. All these methods aimed to estimate error due to
tropospheric phase delay in InNSAR products. The methods above focused on the removal
or correction of tropospheric errors in INSAR data, but interferograms did not quantify
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the total effect of tropospheric delay on the INSAR time series. It is important to have a
method that quantifies the signal threshold below which signals due to tropospheric can
be distinguished from real deformation signals.

In this study, we investigate and quantify the effect of tropospheric phase delay using
a simulation approach based on separation of the tropospheric phase delay into its vertical
stratification and turbulence mixing components. We modeled vertical stratification by
using a digital elevation model (DEM) and standard deviation of wet delay calculated from
precipitable water vapor (PWV) data collected by the MODIS instrument on the Terra and
Aqua satellites [31,32]. Turbulence mixing was modeled using a spectral analysis approach
following the formulations described in [3]. We carried out our simulations in three stages:
first, we simulated vertical stratification; second, we simulated turbulence mixing; and
finally, we simulated the combination of both components. Our simulations relied on the
assumed range of parameters in each case study and did not include any deformation
signal. The exclusion of a deformation signal brought our expected velocity value to 0,
which ensured that the obtained velocities were residuals due to tropospheric delay.

Our method can be applied to different regions with different climatic and topographic
characteristics. The results presented in this study are specific to the area around Socorro
Magma Body. The topography of the study area can be defined as mostly flat with local-
ized prominent changes, while the climate conditions are defined as a mix of arid and
semiarid [33]. Application of our method in different topographic conditions such as rapid
altitude changes in short distances will result in a higher impact from vertical stratification.
A study area with different climate conditions such as tropical and subtropical climate
conditions will produce results with a higher impact from turbulence mixing. Our method
provides a way to analyze the impact of tropospheric delay in InSAR time series by using a
simulation of both components individually while taking different climate and topography
conditions into account and incorporating MODIS data for realistic solutions.

2. Tropospheric Phase Delay

Variations in tropospheric delay have been recognized as a major source of error in
InSAR studies since the early days of the technique [11-13]. A methodology to measure
tropospheric delay with comparable accuracy, spatial and temporal resolution for InSAR,
and complete removal of this effect has not yet been possible. Tropospheric phase delay is
caused by variations in water vapor, pressure, and temperature contents in the spatial and
temporal domains [3,34,35]. These variations have a direct impact on Synthetic Aperture
Radar (SAR) acquisitions, where they reveal themselves as systematic and stochastic errors.
These systematic and stochastic errors consist of vertical stratification and turbulence
mixing, respectively. Vertical stratification is a systematic error that is correlated with
topography and is driven by changes in the refractive index of the tropospheric layers [36].
Turbulence mixing is a process driven by water content motion in the lower troposphere
and is governed by fluid dynamics laws [3,14,35].

Early methods for the removal of tropospheric errors relied on the use of spatiotem-
poral filtering [20,21] or averaging out by using a large number of acquisitions [18,19].
Proposed methods for the removal of tropospheric delay by analyzing only InNSAR obser-
vations have shown that it is not possible to measure refraction from acquisitions. Using
additional data from GPS-derived tropospheric delay maps is not applicable everywhere
since there may or may not be enough stations to produce such a map or large distances
between GPS stations. Nowadays, the most common method is to use a numerical model.
However, numerical methods have a lower spatial resolution in both the horizontal and
vertical directions and do not represent the state of the troposphere at the time of acqui-
sition. In light of the shortcomings of correction methods, it is important to estimate an
expectation value for the amount of tropospheric delay concerning temporal coverage of
our data set.
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2.1. Vertical Stratification

Tropospheric delay due to vertical stratification is caused by changes in refractivity
along the vertical. Regardless of changes in refractivity between two acquisitions, there
would be no difference in delay over a flat terrain since image-wide biases do not have an
impact on interferograms [3]. Vertical stratification could cause differential delay contribu-
tions where the topography of a study area is characterized by significant changes such as
hills or mountains. Previous studies showed that the use of elevation-dependent polyno-
mials is an effective tool to determine the effect of vertical stratification [16,37,38]. In the
Differential INSAR (DInSAR) method, phase delay due to vertical stratification unfolds
as the differential delay between two acquisitions (Figure 1). Therefore, we simulate only
the differential delay, which varies in magnitude but correlates with local topography. We
assume a linear relationship between topography and vertical stratification, which may
not cover all cases but provides a good starting point for our simulations.

—_—

°

Height

Cumulative delay

(a) e (b)

Figure 1. (a) Differential tropospheric delay between point p at a higher altitude than point 4 with
different refractivity profiles at times t; and ¢,, and (b) cumulative delay at times ¢; and ¢, between
points p and g: the differential delay between between points at different altitudes are determined by
the difference between /1 and I,. Figure adapted from [3].

2.2. Turbulence Mixing

As opposed to vertical stratification, turbulent mixing is not directly correlated with
topography and affects both flat terrains and higher altitude terrains. Turbulence mixing
is driven by the turbulent flows of water vapor in the lower troposphere and, therefore,
can be approximated by complex mathematical methods. Kolmogorov power law, also
known as the Kolmogorov length scale, assumes that small-scale turbulent motions are
statistically isotropic in three dimensions and puts forward a power spectrum [39]. The
structure function of this power spectrum (Equation (1)) explains the motion of turbulent
flows in three different length scales.

Pi(f/ fo)~2/3 for 1.5 < (fo/f) < 50km,
Py(f) = { Po(f/fo) ™8/ for 0.25 < (fo/f) < 1.5km, 1)
Pii(f/fo)~2/3  for0.02 < (fo/f) < 0.25km.

where P, is the power spectrum and f is the wavenumber in cycles/km. Pj, Py, and
Pjp; represent different regimes of the power spectra. Hanssen, 2001, carried out tests
with interferograms generated from European Remote Sensing (ERS) acquisitions and
showed that the structure function given in Equation (1) can be used to model the effect of
turbulence mixing in InSAR studies.
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3. Data Simulation and Analysis

Our data simulation and analysis processes include the following steps: simulation of
the time-series epochs, velocity estimation, and error analysis (red frame in Figure 2). The
term time-series epoch represents the total displacement map, inverted from corresponding
interferograms, for a given acquisition date. The time-series epoch is referenced to a pixel
and an acquisition date. For a given time series, each epoch is referenced to the same pixel
and acquisition date so that spatial and temporal data unification is achieved. In a regular
application of the Small Baseline Subset (SBAS) time series, we expect signals from multiple
sources to be present in the time-series epochs (see Appendix A). Since we want to quantify
the amount of error caused by tropospheric delay, we assumed no input from other error
sources and deformation. It is important to note that the simulation of time-series epochs
is preferable over the simulation of interferograms or Single Look Complex (SLC) data.
Simulating epochs ensures that we have total control over the signals going into the velocity
estimation step and that the obtained results are free from processing errors.

The tropospheric delay varies in both the space and time domains and, therefore,
requires a complex approach to capture its total impact. The dynamic nature of the tro-
posphere is commonly separated into two components; the first one is the systematic
component, vertical stratification, and the second one is the stochastic component, tur-
bulence mixing. We simulated both components individually to be able to quantify and
illustrate their characteristics while isolating them and ensuring that they do not influence
each other. We introduced extra multipliers to our simulations to be able to achieve both
spatial and temporal variation. The introduced multipliers were randomly selected from a
given set, which represented spatial and temporal variation characteristics of tropospheric
delay over our study area. Another important aspect impacting a velocity field is the
number of epochs that goes into time-series inversion. Since InSAR satellites follow a
regular orbit, their revisit time is also regularized, and therefore, we know the maximum
number of acquisitions for any given temporal coverage. We simulated epochs for the
temporal coverages between 3 years and 10 years, 100 times for each period, to be able to
statistically quantify the total errors in final velocity products. We discuss the details of
simulation of vertical stratification in Section 3.1.1 and turbulence mixing in Section 3.1.2.
We conducted three types of delay simulations. First, we simulated the effect of vertical
stratification, then turbulence mixing, and finally the combined effect of both components.
Simulating each component individually allowed us to consider the significant characteris-
tic of each component (such as spatial distribution) and to evaluate its effect on the final
results quantitatively.

In the velocity estimation step, we used the simulated time-series epochs and carried
out a pixel-wise linear regression to calculate the corresponding velocity for each pixel.
The details of the velocity estimation step are discussed in Section 3.2. In the final error
analysis step, we analyzed the resulting velocity fields by concatenating corresponding
temporal coverages together and by calculating the distribution of delay values within the
velocity map using histograms. We discuss the details of error analysis in Section 3.3.
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Common Time Series Approaches
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Figure 2. Flow chart showing the standard InNSAR time-series process and our simulation method
(outlined with red): the diamonds represent processing stages, and the ellipses represent products.

3.1. Tropospheric Delay Simulations

Tropospheric delay due to vertical stratification is caused by changes in the pressure
and temperature gradients of precipitable water. Vertical stratification could cause dif-
ferential delay contributions, where the topography of a study area is characterized by
significant changes. Previous studies showed that the use of elevation-dependent polyno-
mials is an effective tool to determine the effect of vertical stratification [16,37,38]. In the
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Differential INSAR (DInSAR) method, phase delay due to vertical stratification unfolds as
the differential delay between two acquisitions (Equation (A7)). Therefore, we simulated
only the differential delay, which varied in magnitude but correlated with local topography.
We assumed a linear relationship between topography and vertical stratification that may
not cover all cases but provides a good starting point for our simulations. As opposed to
vertical stratification, turbulent mixing was not directly correlated with topography. Turbu-
lence mixing was driven by the turbulent flows of water vapor in the lower troposphere.
Hanssen (2001) studied the subsets of sample ERS interferograms and showed that the
rotational average of their spectrum is in agreement with the Kolmogorov power law at
certain wavelengths [3].

Throughout the manuscript, we simulated deviatoric tropospheric delay for each ac-
quisition, which represents the apparent deformation or tropospheric noise in deformation
studies. By using deviatoric tropospheric delay rather than deviatoric tropospheric phase
delay, the simulations are independent of the sensor wavelength and can be applied to
all sensors. If needed, the simulated deviatoric tropospheric delay can be converted to
phase delay by dividing its value by the wavelength of the sensor (see Appendix A). We
started our tests by simulating delays with the acquisition interval and incidence angle
standards of ERS and Envisat satellites. We used a 35-day temporal baseline and projected
the simulated scenes onto a 23-degree incidence angle. The ERS and Envisat satellites have
been widely used in many scientific studies (e.g., [10,40]) and were selected for comparison
with our case study over Socorro Magma Body.

3.1.1. Tropospheric Delay Due to Vertical Stratification

We simulated the contribution of vertical stratification by using topographical in-
formation on and around Socorro Magma Body (SMB). We imported the Shuttle Radar
Topography Mission (SRTM) digital elevation data with the highest publicly available
resolution of 1 arc-second to achieve the spatial correlation of a stratified troposphere
(Figure 3a). First, we multiplied DEM heights (h,,,) with —1 to obtain higher values for
lower altitudes and lower values for higher altitudes and normalized them to obtain a
unitless surface (D):

(hdem X _1) — (hdem X _1)min
(hdem X 71)max - (hdem X *1)min

The obtained surface was resampled to form an image with 1000 x 1000 pixels
for computational simplicity. We flipped surface Desampieq vertically to resemble the
descending orbit acquisitions (Figure 3b). Finally, we multiplied surface D;esqmpies with a
randomly chosen constant (1) from a normally distributed set with 3 cm standard deviation
centered at 0 and obtained a single epoch representing vertical stratification delay (dsrat):

D= @)

dstrat = Dresampled X m ®)

We selected the standard deviation of our set relying on the absolute standard devia-
tion of slant wet delay calculated from 2939 MODIS PWV observations between 1 January
2002 and 31 December 2012 over our case study area (see Appendix B). This value is specific
to our case study area, as described in Section 6. Using the results in other study areas
requires a similar analysis of the MODIS PWV data. An example of stratified delay is
shown in Figure 4a, which exhibits a small amplitude of deviatoric delay for the value of m
(0.019). The largest delays are in areas of low elevation, and the smallest delays are in areas
of high elevation.
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Inverted and Normalized DEM

1.0

33, -
3080 -1075 -107.0 -1065 -106.0

Figure 3. (a) The digital elevation model (DEM) of the Socorro Magma Body located in New Mexico,
USA, from the Shuttle Radar Topography Mission (SRTM), with 1 arc-second (= 30 m) resolution
and (b) an inverted, normalized, flipped, and resampled DEM used to compute the phase delay due
to vertical stratification.

Vertical Stratification Delay Multiplier: 0.019 Turbulence Mixing Delay Multiplier:
1000 1000 — — -~
2 ' B
800 4 . 3
-
- ¥ 0.04
600 1
400
0.02
200 e
2
[
0.00 £
0 -
0 200 400 =
-0.02
-0.04

Figure 4. Simulated maps of tropospheric delay: (a) vertical stratification delay calculated with
random multiplier 0.019, (b) turbulence mixing delay calculated with random multiplier 0.881, and
(c) the resulting delay from the combination of vertical stratification (a) and turbulence mixing (b)
delays.

3.1.2. Tropospheric Delay Due to Turbulence Mixing

We adopted the turbulence mixing model defined by Hanssen (2001) (Equation (1)).
To translate the dimensionless surface generated by Hanssen’s method to delay in our
simulation, we needed to scale it to length and to vary it from one acquisition to another to
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reflect temporal variability in the magnitude of the delay. Turbulence mixing is random
in space by nature, and its effect on InNSAR data can vary from a few millimeters to a
few centimeters over the same area [3]. We multiplied our simulated surface (d;,,) with
a random parameter (1), which varies in the range 0 to 0.1 (Equation (4)), and obtain a
simulated epoch representing turbulence mixing delay (d;,;):

Apurp = dsim X 1 4)

Consequently, the simulated delay varies randomly between 0 and several centimeters,
reflecting turbulent delay conditions between different acquisitions. One of the main
differences between turbulence mixing and vertical stratification is that turbulence mixing
varies in spatial distribution as well as in amplitude whereas vertical stratification varies
only in amplitude for each acquisition (Figure 4b).

3.1.3. Tropospheric Delay Due to Combination of Vertical Stratification and Turbulence
Mixing

The combined phase delay (Figure 4c) was simulated by adding individually simu-
lated vertical stratification phase delay (dstq¢) (Figure 4a) and turbulence mixing phase
delay (dy,p) (Figure 4b). The resulting image exhibits the delay characteristics of both
components. The combined delay image is similar to the turbulence mixing component
because of the difference between the vertical stratification (0.019) and turbulence mixing
(0.881) multipliers.

3.2. Velocity Estimation

The common approach in InSAR studies for obtaining time-series products can be
divided into four major steps: network construction, interferogram generation, time-series
inversion, and velocity estimation (Figure 2). The data that underpin this approach are
in the Single Look Complex (SLC) format, commonly provided by most space agencies.
Network construction is based on either single or multiple master approaches. The single
master approach produces all interferograms using the same master acquisition. The
multiple master approach forms pairs of images by using temporal and perpendicular
baseline constraints. Interferogram generation is carried out by cross multiplication of
the master image and the complex conjugate of the slave. After the interferograms are
calculated, time-series inversion is carried out. The two most common time-series methods
are the Persistent Scatterer Interferometry (PSI) [20,41,42] and SBAS techniques [21,43].
PSI adopts a single master approach and relies on the identification of coherent pixels
over long time intervals. The SBAS method uses multiple master acquisitions and phase
information of unwrapped interferograms to invert for the cumulative Line of Sight (LOS)
displacement for each pixel.

In this study, we modified the common SBAS approach, treated our simulated data
as time-series epochs, and immediately started from velocity estimation (Figure 2). We
skipped the initial three steps of network construction, interferogram generation, and
time-series inversion to avoid attendant errors, mainly due to unwrapping. We verified our
approach by using the simulated epochs to calculate interferograms and to process them
with regular SBAS procedures using the MintPy software package [44]. The validation
procedure yields minor differences between our approach and the standard SBAS pro-
cessing chain, which are attributable to unwrapping errors in the SBAS processing chain.
Therefore, our proposed method ensures that our results are not affected by unwrapping
errors. We simulated temporal coverages ranging from 3 years to 10 years to observe the
relative change in propagation of tropospheric errors for the total observation period.

We did not assume any signal other than the tropospheric delay and, hence, simply
treated the simulated data as time-series epochs. We referenced all epochs to the same
datum in space and time. The spatial datum was defined and achieved by referencing each
epoch to the same pixel. We used the same reference pixel for each epoch and subtracted
its value from the rest of the pixels. A temporal datum was achieved by selecting a master
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date and by subtracting each epoch from the master date. The resulting data set carries
the characteristics of a regular time-series stack and can be used for velocity estimation.
Velocity estimation was carried out for each pixel by calculating the slope of the best fitting
line to time-series epochs.

3.3. Error Analysis

We did not introduce any deformation signal, and consequently, the calculated velocity
fields solely represent the propagated tropospheric delay. The velocity distribution of each
simulation can be evaluated visually using histograms, as shown in Figure 5b,e,h. Because
each velocity solution depends on a set of randomly selected multipliers, we conducted
100 simulations for each temporal coverage ranging from 3 years to 10 years. Instead of
visually analyzing all the resulting velocity fields, we stitched 100 velocity fields of the
corresponding temporal span and analyzed the resulting histogram (Figure 5c f,i).

The histogram of stitched velocity fields represents a general distribution of propa-
gated errors in the time series. We used the joined distributions and calculated the extent
of the 95% confidence interval. We presented the resulting propagated error values as box
plots (Figure 5c).

Sample Velocity Fields Sample Single Velocity Field Histograms Sample Concatenater}l Velocity Fields Histograms
(10 years time series length)

1000 = 0.0020
0.0015
S 00010
a
0.0005

0.0000 10
1000 1500 2000 2500 3000 3500

PDF

-

mm/yr

= - -1 o N 1 V—l 00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00
(b) Velocity (C) Velocity (mm/yr)

mm/yr
PDF
s o o o o
PDF
s o o o o £ =&
s R % & & & &
|

-4 2 [ 2 -20 =-15 -1.0 -05 0.0 1.0 15 2.0
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Figure 5. Velocity maps of tropospheric delays due to (a) vertical stratification, (d) turbulence
mixing, and (g) their combination tropospheric delays: each velocity map was calculated from
32 simulated scenes with a 35-day acquisition interval reflecting a 3-year-long time series. (b) A
histogram representing the velocity distribution in (a) compared with elevation distribution. (c)
The velocity distribution obtained by joining 100 tests of random vertical stratification. The box
plot represents a 95% confidence interval. (e,h) Histograms representing the velocity distribution
in (d,g), respectively. (f,i) Histograms obtained by joining 100 tests of turbulence mixing (d) and a
combination of vertical stratification and turbulence mixing (g).

4. Results

We applied our methodology to three cases of tropospheric delay; vertical stratifi-
cation, turbulence mixing, and their combination. The combined case represents a more
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realistic approach to real-world applications. For each case, we first presented a represen-
tative velocity map, which was calculated for a 3-year-long series with a 35-day acquisi-
tion interval (Figure 5a,d,g). We also presented the histogram of velocity distributions
(Figure 5b,e,h). The histograms of joined velocity fields are presented in Figure 5¢,f,i.

For the stratified delay, the velocity field follows the elevation pattern (Figure 3a)
and the magnitude of errors vary in the range of 2 mm/yr (Figure 5a,b). The velocity
distribution of a single velocity map mimics the spatial pattern of elevation distribution
(Figure 5b) since the input simulated scenes are generated by multiplying the inverted and
normalized DEM with random variables. However, the velocity distribution obtained from
multiple tests shows symmetric distribution (Figure 5c).

For turbulent delay, the velocity field is random in space and the magnitude of errors
varies in the range of +5 mm/yr to —2 mm/yr (Figure 5d). The velocity distribution
of a single velocity field shows a normal distribution skewed towards the positive side
(Figure 5e). The distribution of joined velocity fields shows a normal distribution centered
around zero (Figure 5f).

In the case of combined delay components, the magnitude of errors increases in the
positive direction because the sample turbulence delay is skewed towards the positive side
(Figure 5h). The spatial pattern of the velocity field shows characteristics of both vertical
stratification and turbulence mixing components. The velocity distribution of the sample
velocity field shows that the propagated error values skew towards positive more than
in the case of solely turbulence mixing. The velocity distribution of joined velocity fields
exhibits a normal distribution around zero.

The uncertainties of the INSAR-derived velocity map are strongly affected by the
tropospheric delay and increase with distance from the reference point. Our simulations
provide an excellent opportunity to quantify uncertainty level change as a function of
distance. We conducted this analysis by calculating the variance in the velocity fields for
each time-series length and by summing the variances of corresponding time-series lengths.
After calculating the average variance, the standard deviation of each pixel was calculated.
To capture the change of uncertainties with distance, we calculated the uncertainties from
a reference point with a 5 km interval between 0 and 50 km, 10 km interval between 50
and 100 km, and 20 km interval beyond 100 km. The uncertainties change as a monotonic,
nonlinear increase, possibly logarithmic as the distance from the reference point increases,
which is in agreement with previous studies, until they flatten out at a distance, beyond
which the noise is uncorrelated. (e.g., [10,15]) (Figure 6). We calculated the best fitting
logarithmic function using the following equation:

oc=A+Bxlog(x) 5)

where ¢ is the uncertainty and x is the distance to the reference point. A and B are the
best-fitting parameters calculated using the least squares method.

We present the results of our simulation tests using box plots (Figure 7). The box
plots were calculated from the histogram of joined velocity fields and represent the 95%
confidence limit distribution of propagated error for temporal coverage. In the case of
vertical stratification, the box plot shows deviations varying from +2.61 mm/yr at a 3-year
time-series length to +0.45 mm/yr at a 10-year time-series length (Figure 7a). Turbulence
mixing has higher distribution values than vertical stratification, with values ranging from
+£3.94 mm/yr at 3-year temporal coverage to £0.64 mm/yr at a 10-year time-series length.
When we combined both components, the distribution of propagated errors displays
propagated error from £4.34 mm/yr at 3 years temporal coverage to +0.73 mm/yr at
10 years time-series length (Figure 7c). Even though the combined delay is simulated by
adding vertical stratification and turbulence mixing, the results do not exhibit the sum of
the vertical stratification and turbulence mixing cases. Our results are specific to the study
area of Socorro Magma Body because they were calculated using site-specific parameters.
However, the overall trend of uncertainty decay with temporal coverage applies to all
study areas.
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Figure 7. Velocity distributions as a function of time-series length for a 35-day acquisition interval:
the blue boxes show the 68% confidence interval, the red lines represent the mean, and the extent of
the whiskers shows a 95% confidence interval of the distribution. The values in brackets on the top
show the calculated 20 distribution of the propagated error in millimeter per year for each time-series
length. (a) The distribution of propagated error with vertical stratification phase delay only, (b)
the distribution of propagated error with turbulence mixing delay only, and (c) the distribution of
propagated error in the case of the combination of both phase delays.
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5. Sensitivity Analysis

The results presented above were obtained with three parameters, namely, range
of standard deviation of vertical stratification, magnitude range of turbulence mixing,
and acquisition interval. To evaluate the relative contribution of each parameter to the
propagated errors, we conducted sensitivity studies in which each parameter was varied
systematically. We conducted these studies on both delay components but present only the
results of the combined delay, which is the more realistic case.

Thus far, our simulations assumed that the vertical stratification component of the
tropospheric delay varies with a 3 cm standard deviation, which is based on MODIS
observations from our semiarid study area. However, in a more humid climate, as in the
tropics and subtropics, the range of tropospheric delay can be higher. Thus, we repeated
the same simulations varying the parameter in the range of 1-10 cm (Figure 8a). Our
results indicate a linear dependency of the propagating error on the delay range parameter.
For example, the detection threshold for a 10-year-long time-series in the tropics (delay
range > 10 cm) with the topography of our study area is 2 mm/yr, which is about three
times larger than our semiarid study area (delay range 3 cm) (Figure 8a).

Standard Deviation of Wet Delay Turbulence Mixing Amplitude Multiplier
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Figure 8. Sensitivity of the estimated detection thresholds with respect to assumed parameters:
(a) the variation in standard deviation of wet delay calculated from MODIS PWYV; (b) the scaling
parameter for n in Equation (4); and (c) the variation in detection thresholds with acquisition intervals
of 6,12, 24, 35, 70, and 105 days. The best-fitting 1/T trends are plotted using the same color scale.

The second sensitivity test was carried out to evaluate the input of turbulence mixing.
We introduced a new multiplier that varied between 0.25 and 2.50 to represent different
climatic conditions. For example, a small multiplier (<1) reflects the less humid (more arid)
condition of the troposphere than in our study area in New Mexico, which is characterized
by a semiarid condition; a large multiplier (>1) reflects more humid conditions, as in the
tropics. This multiplier controls the range of the simulated turbulence mixing amplitude
and was not introduced during our initial simulations (i.e., a value of 1). The variation of
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turbulence mixing resulted in a similar linear behavior to that in vertical stratification. Our
results indicate a linear dependency and vary from 1 mm/yr to 10 mm/yr for 3-year-long
time series (Figure 8b).

The last sensitivity test evaluated the contribution of the acquisition interval on the
propagated errors. In our previous simulations, we used a 35-day interval, which reflects
the acquisition intervals of ERS-1/2 and Envisat satellites. Here, we evaluated the effect of
shorter and longer acquisition intervals reflecting new acquisition capabilities of Sentinel-1,
ALOS-2, and upcoming NASA-ISRO Synthetic Aperture Radar (NISAR) satellites. We
simulated the effect of tropospheric delay with acquisition intervals of 6, 12, 24, 35, 70,
and 105 days. In these simulations, we kept the range delay parameters 3 cm for vertical
stratification and 1 for turbulence mixing. The results of our simulations indicate that
the effect of the tropospheric delay on the detection threshold of the INSAR time series is
lower in shorter acquisition intervals. For example, the 105-day acquisition interval and
3-year-long time series has a detection threshold (=15 mm/yr) of about three times larger
than the 6-day acquisition interval for the same time-series length (=4 mm/yr) (Figure 8c).

6. A Case Study: Application to Socorro Magma Body
6.1. Study Area

Socorro Magma Body (SMB) is located in the Rio Grande Rift, central New Mexico
(USA), and is one of the largest and deepest magma intrusions on Earth (Figure 9a) [45].
SMB was first identified by seismic studies as a region of high seismicity, the so-called
Socorro Seismic Anomaly [46,47]. Identification of a region of melt in the mid-crust
explained the surface uplift in the area [48,49]. Seismic sounding and microearthquake
studies revealed the existence of a seismic reflector about 50-70 km wide at the depth
of 19 km [50,51]. However, uplift of the area was observed before the existence of an
intrusion was discovered. Three leveling surveys over the area conducted in 1911, 1951,
and 1980-1981 showed an uplift rate of a few millimeters per year [49].

The advancement of the InNSAR technique provided scientists with a new method to
observe the deformation of SMB on a larger scale. Fialko and Simmons (2001) noted an
uplift rate of 2 mm/yr using ERS data acquired between 1992 and 1999 [40]. Finnegan
and Pritchard (2009) extended the time series to 2006 and calculated a similar velocity of
2.5 mm/yr [52]. The time series was extended by including images from 2000 and 2006
in the network. Pearse and Fialko (2010) used the same approach and noted a velocity of
2.2 mm/yr, similar values to those found in previous studies [45].

Campaign mode and continuous GPS studies have been carried out on SMB, confirm-
ing the continuous uplift of the area. The authors of [53] reported that three campaigns
were carried out in 2002, 2003, and 2005, revealing an uplift of 20 mm in 2002. EarthScope’s
Plate Boundary Observation (PBO) has four GPS stations deployed on and around the SMB
(Figure 9a) [54-57]. Stations PAS1 and SCO1 started collecting data in 2001 and are still
active today. However, station PAS1 does not have a continuous time series. The CDVV
and PDBG stations started collecting data in November 2005 and stopped in October 2013,
providing a complete time series over this time interval. The GPS data confirm that the
uplift over SMB is continuous and present during the time of INSAR acquisitions [58].

6.2. Data and Processing

We used InSAR acquisitions from the ERS-1, ERS-2, and Envisat satellites. The de-
scending orbits of ERS-1 and ERS-2 cover the study area with frames 2907 and 2925 of
track 98. The descending orbit of the Envisat satellite also shares the same track and frame
numbers with the ERS satellites; however, the ascending orbit of Envisat covers the study
area with frame 675 of track 48 (Table 1).
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Table 1. Summary of the Synthetic Aperture Radar (SAR) data sets used in this study.

Satellite Flight Direction Track Frame No. of Images
ERS-1/2 Desc. 98 2907 33
ERS-1/2 Desc. 98 2925 38
Envisat Desc. 98 2907, 2925 27
Envisat Asc. 48 675 22

We use a standard processing chain for our InNSAR data sets. Zero Doppler single look
complex (SLC) data were generated using the Modular SAR Processor (MSP) of Gamma
Remote Sensing software [59]. We use ROI_PAC software of Caltech/Jet Propulsion Lab-
oratory (JPL) to generate our interferograms [60]. Interferometric pairs were selected by
constraining temporal and perpendicular baselines. The perpendicular baseline between
two SAR images was chosen to be smaller than 250 m, while the temporal baseline was
forced to be between 300 days and 3500 days. The selection of temporal baseline con-
straints was decided by considering the amplitude of the deformation signal and temporal
coverage of the study area. Previous studies over the area suggest that the deformation
rate is between 2 to 2.5 mm/yr. We chose a minimum temporal baseline that is almost
1 year to increase the signal-to-noise ratio (SNR) and a maximum temporal baseline to
have a connected network in time so the design matrices for the time-series inversion have
full rank. The Shuttle Radar Topography Mission (SRTM) 1 arc-second digital elevation
model was used to remove the topography-related phase contribution from each interfero-
gram [61]. The statistical-cost network-flow algorithm for phase unwrapping (SNAPHU)
was used to unwrap the interferograms after coregistering the whole network to a single
master interferogram [62]. All phase unwrapped interferograms were spatially referenced
to the same coherent pixel, and phase unwrapping errors were corrected by applying a
phase-closure technique [8,63,64]. The SBAS method was adopted to obtain the phase
history of each pixel [21], and then, the stratified tropospheric delay was corrected using
North American Regional Reanalysis (NARR) data [29,30]. Errors due to topography were
corrected using the approach defined in Fattahi and Amelung (2013) [5]. In our Envisat
data sets, we corrected for the Local Oscillator Drift (LOD) as an additional step carried out
by utilizing an empirical method that adjusts the range change history for each pixel [65].
A temporal coherence constraint of 0.7 was imposed for the selection of coherent pixels to
produce our deformation maps (Figure 9) [66].

The ERS data set has 15 years of temporal coverage with acquisitions from 1992 to
late 2006. The estimated deformation rates from the ERS data set reaches a maximum of
2.5 mm/yr, which is in agreement with previous studies [40,45,52] (Figure 9b).

Even though the estimated deformation rates from descending tracks of the ERS and
Envisat satellites agree, the Envisat results are mainly dominated by tropospheric noise
(Figure 9¢,d). We analyzed Envisat’s medium resolution imaging spectrometer (MERIS)
data and calculated the wet delay component of tropospheric delay along with the cloud
coverage [26]. After dropping images that exhibited more than 20% cloud coverage, the
MERIS data set was smaller than our INSAR data set. Partial corrections only introduced
more artifacts to our results, so MERIS data was not used for correction.
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Figure 9. (a) The ERS and Envisat satellites share the same track and frame numbers (98-2907/2925)
in descending orbit. The ascending orbit of the Envisat satellite covers the study area with frame
675 of track 48. The black dashed line represents the so-called Socorro Seismic Anomaly and the red
dashed line represents the Socorro Magma Body defined by [47]. Deformation rates were calculated
over Socorro Magma Body (SMB) by using ERS-1/2 and Envisat data. (b) The deformation rate map
derived from frames 2907 and 2925 of descending track no. 98 of the ERS-1/2 data acquired between
1992-2007. (c) The deformation rate derived from Envisat descending scenes of the same track and
frame acquired between 2006-2011. (d) The deformation rate map derived from Envisat frame 675 of
ascending track no 48.

7. Discussion

In this study, we developed a simulation technique to systematically investigate the
impact of tropospheric phase delay on InSAR time series by accounting for two main
tropospheric processes: vertical stratification, and turbulence mixing. We demonstrated the
usefulness of our technique by using regional specific parameters derived for SMB in the
southwestern US, which is characterized by a moderate relief (2000 m) and semiarid climate.
Our results for this area revealed that the uncertainty levels of the vertical stratification
component are 1-5 mm/yr, of the turbulence mixing is 1.5-8 mm/yr, and of the combined
components is 1.5-9 mm/yr, in which the ranges reflect the results obtained with different
time-series lengths. These results reveal that vertical stratification has a significantly smaller
impact on time-series uncertainty level than turbulence mixing. Seventy to ninety percent
of the uncertainty arises from the turbulence mixing component. Furthermore, our results
emphasize the importance of long time series, which reduces the uncertainty level for the
combined component analysis from 8 mm/yr for a 3-year long series to 1.5 mm/yr for a
10-year long series. The 2 mm/yr uncertainty threshold, which is the uplift rate of SMB,
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occurs with a 7-year and longer time series. Since we simulated time-series epochs, our
results are independent of frequency. The effect of tropospheric delay is observed as fringe
interferograms. Different sensors operating at different wavelengths (e.g., Sentinel-1 with
C-band and ALOS-2 with L-band) exhibit different numbers of fringes in interferograms.

The effect of the troposphere on InSAR continues to be discussed extensively in
the literature. Previous studies have shown that the systematic vertical stratification
component of the troposphere can be removed using tropospheric models (e.g., [29,30]).
Jolivet et al., 2014, reported the results of a case study in northern Chile, where the data
set extended from the coast (low elevation) in the west to mountains (high elevation)
in the east. The estimated tropospheric delay was correlated with the topography and
reached up to a few centimeters. The dominant driver of the tropospheric delay came
from turbulence mixing at lower altitudes [30]. Fattahi and Amelung (2015) analyzed
the systematic and stochastic components based on MODIS precipitable water vapor
observations and atmospheric models and reported variations in the troposphere between
5 and 10 cm along the western India plate boundary [10]. Liao et al., 2020, reported that
adapting the correction method described by Yu et al., 2018, which incorporates data from
GPS observations and numerical weather models, improved their results by 13% [67,68].
Both of these studies suggest that adopting proper tropospheric correction methods for the
study area and data set can improve the time-series results. Our results exhibit a systematic
and localized vertical stratification effect, which is in line with the findings of the previous
studies. This agreement is achieved by the use of topographic information on the study
area and parameters obtained from MODIS PWV data. The high number of repeated
simulations for each time-series length ensures the statistical significance of our results.

A comparison of velocity uncertainties and the distance to the reference pixel shows
that the uncertainties increase with distance. Emardson et al. (2003) showed the relationship
between InSAR uncertainties and distance to reference point. Our analysis of change in
uncertainties with distance is in agreement with the findings of Emardson et al. (2003) [15].
However, we do not use this information while reporting our results because we are
calculating the distribution of values in estimated velocity fields. We concatenated the
estimated velocity fields to generate one large matrix that includes all velocity fields with
the corresponding temporal coverage and then analyzed its histogram to estimate an
expected detection threshold within a confidence limit. Our results show that there is a
logarithmic relationship between distance and uncertainties.

Our results reveal that the relationship between propagated error and time-series
length exhibits the characteristic shape of 1/T decay. This relationship seems very similar
to the relationship of white noise and time span of data in GPS studies. Zhang et al. 1997,
suggested that the relationship can be denoted as follows:

__ AwN 12(N— 1)

OWN =T\ TNZEN

(6)

where oy is the velocity uncertainty, ayyy is the magnitude of the white noise, T is the
total observation interval, and N is the number of observations [69]. The equation suggests
that the white noise of an overdetermined system is proportional to the time span of
the data set and the number of data points. In our case, the decay rate seems to exhibit
a 1/T decay characteristic in agreement with Equation (6). The decay of the detection
threshold estimates follows the same pattern regardless of any parameter introduced in
our simulations. This represents the correlation between the number of images used in
a study and the expected detection threshold. As seen in our sensitivity analysis with
different acquisition intervals, larger data sets have smaller detection thresholds (Figure 8).
We can use our detection threshold estimates to solve Equation (6) for the magnitude of the
white noise (ayy,), as shown in Table 2. Our results indicate similar values of white noise
magnitudes in the range of 4.3-5 cm, which is comparable to the magnitude of the turbulent
component of the tropospheric delay. Since the dominant impact on the combined case
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comes from turbulence mixing, the calculated white noise levels are similar to turbulence
mixing levels.

Table 2. Estimated white noise in the case of a combination of vertical stratification and turbulence
mixing components (Figure 7c), with the formula (Equation (6)) described by Zhang et al. (1997) [69],
where T is the time-series length in number of years, oy, is the detection threshold taken from
Figure 7c, N is number of images, and ay, is the estimated white noise.

T (Years) Own (Mm/yr) N (# of Images) Aon (cm)
3 8.68 (+4.34) 32 4.39
4 6.20 (+3.10) 42 4.75
5 4.38 (£2.19) 53 4.69
6 342 (£1.71) 63 4.78
7 2.54 (+1.27) 73 4.45
8 2.30 (£1.15) 84 493
9 1.70 (£0.85) 94 4.33
10 1.46 (£0.73) 105 4.36

Recent studies revealed that tropospheric phase delay has a significant seasonal
component (e.g., [10]). Despite the importance of the seasonal component, we did not
consider seasonality because our simulated time-series lengths range from 3 to 10 years.
The length and temporal resolution of our data sets allow us to assume that the effect
of seasonality can be ignored. However, a network of intermittent acquisitions will be
affected by the seasonality of tropospheric delay. Another limitation of our method is the
assumption of a linear relationship between topography and vertical stratification. This
linear relationship between topography and vertical stratification has been shown and
used in previous studies (e.g., [3,16,37]) but does not necessarily apply to all real-world
cases (e.g., [16,70,71]).

8. Conclusions

We analyzed error propagation through InNSAR time-series products due to systematic
and stochastic components of the troposphere and their combination. A novel approach that
adopts simulations was presented. This approach is based on modeling each component
individually and on running 100 tests for time-series lengths from 3 years to 10 years. We
present the results of the propagated error for individual cases of vertical stratification,
turbulence mixing, and the combined influence of both components specific to our semiarid
study area, Socorro Magma Body. The findings of this study are as follows:

1. Tropospheric delay due to vertical stratification is a systematic error source that
produces localized errors around high topographic gradients. We found that a data
set length of 6 years (given an acquisition interval of 35 days) is required to achieve a
~1 mm/yr detection threshold.

2. Tropospheric delay due to turbulence mixing is a stochastic error and cannot be
removed by modeling in space. Turbulence mixing has a larger impact on time-series
products than vertical stratification. We showed that a 7-year (or longer) data set with
a 35-day acquisition interval is required to achieve a ~1 mm/yr detection threshold
over 50 km.

3. By simulating the combined effect of both vertical stratification and turbulence mixing,
we retrieved errors of similar magnitude to our simulations of turbulence mixing
alone. Significantly, this highlights that turbulence mixing represents the main source
of tropospheric errors in real-world applications. As such, even if we can model and
systematically remove errors due to vertical stratification, nonnegligible errors may
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persist. A ~1 mm/yr detection threshold would be possible with a time series longer
than 8 years with a 35-day acquisition interval.

4. The decay characteristics of propagated errors concerning temporal coverage exhibit
1/T decay, which is denoted for the GPS studies by Zhang et al. (1997).

5. The acquisition strategies of new-generation Sentinel-1 satellites with a 6-day acqui-
sition interval will provide ~1 mm/yr detection level beyond 5 years with a 6-day
acquisition interval.

6.  We cannot quantitatively distinguish between the tropospheric delay and the slow
uplift signal over Socorro Magma Body with a 5-year-long Envisat time series with the
current methods. Our results show that a data set longer than 8 years is required with
a 35-day acquisition interval. The ERS data set with 15-year-long time series fulfills
this requirement and provides a high-resolution deformation map that is minimally
affected by the tropospheric delay.
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Appendix A. Derivation of Deviatoric Tropospheric Phase Delay

Synthetic Aperture Radar (SAR) phase measures the Line of Sight (LOS) range between
the satellite and the Earth’s surface, which is also contaminated by tropospheric delay. The
actual phase (¢) for a single acquisition is defined as follows:

27 %
= —2R=—R Al
9="T2R=" (A1)
where ¢ is the phase, R is range, and A is the radar wavelength. The range is calculated

from the one-way travel time of the radar signal (t/2) multiplied by the speed of light
(R = Cpx é ; Co is speed of light). Since the speed of light is delayed when traveling

through the troposphere, the range measurement is not an accurate description of the true
LOS distance. Thus, the phase measurement represents LOS distance, atmospheric delay,
surface deformation, and other sources, which are considered as noise:

¢ = Pros + (Ptrop_deluy + (Piono_deluy + thopo + Porp + (Pdefo + Proise (A2)

where ¢, is the true distance from the satellite to the surface, ¢1,0p_geray is the additional
distance due to tropospheric delay, ¢ipno_gelay is the delay caused by ionosphere, ¢ropo is
the phase due to DEM errors, ¢, is the orbital error due to perpendicular baseline, ¢4 ro
is the surface deformation, and ¢,,;s. is the measurement noise, which includes all other
sources. When using a stack of N acquisitions and assuming that tropospheric delay is
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the only noise in the phase measurement (¢,,,i;c = 0) and that the study area is free from
deformation (@4, = 0), the mean phase can be described as follows:

Pmean = Cpmeanflos + 4)mean7trop7delay (A3)

The term ¢, is defined as the true distance from the satellite, which varies from one
acquisition to another based on the satellite’s orbit. For simplicity, in this study, we assume
that all acquisitions were obtained from the exactly same position in space. Based on this
assumption, ¢;,s is equal in all acquisitions. In reality, ¢;,s varies from one acquisition to
another, reflecting shifts in satellite orbits. However, precise orbit estimations provide
sufficient data to correct the ¢, offset between the various acquisitions. On the other hand,
Ptrop_delay Varies for each acquisition, and its meaning is defined as follows:

1 N
(Pmean_tmp_deluy = N Z¢trop_delayi; (A4)
1

The phase in each acquisition can be described in terms of its deviation from the mean:

$i = Pmean + Pdev, (A5)

where
¢devi = leos + ¢mean_trop_delay - (Pdev_trop_delayi (A6)

Since the actual SAR phase measurement only consists of the non-integer portion
of the theoretical phase (¢), the actual range between the surface and the satellite cannot
be estimated. However, repeat pass SAR interferometry, which detects phase changes
between two acquisitions collected roughly from the same location, provides an accurate
measurement of relative distance changes. Thus, we perform interferometric calculations
by subtracting the phase values between two acquisitions:

Pint;; = Pi — pj = (Pmean + Pdeo,) —

(A7)
(Qbmean + deevj) = deevi - ¢devj
Substituting Equation (A6) into Equation (A7):
Qbintl-,j = ¢dev_trop_deluyj - ¢dev_trop_deluyi (AS)

This derivation indicates that, in the case where the tropospheric delay is the sole error
source (with no surface deformation), the interferometric phase can be calculated by the
difference between the deviatoric tropospheric phase delay of any two given acquisitions.

The deviatoric tropospheric phase delay, which is in units of radians, can be converted
into a length unit by multiplying the phase by any given sensor wavelength.

dev_tropospheric_delay; = ‘Pdev_trop_delay]— X A (A9)

qbdev_tmp_dglayj = dev_tropospheric_delay;/ A (A10)

Appendix B. Absolute Standard Deviation of Wet Delay

We used a total of 2939 MODIS acquisitions over the study area to calculate the standard
deviation of wet delay between 1 January 2002 and 31 December 2012 (Figure A1l). The
resulting histogram is a 0 mean, 3 cm standard deviation normal distribution. We analyzed
the normality of the histogram using the Shapiro-Wilk test [72] and found that the data
represent a Gaussian distribution.
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167 Wet Delay Histogram from MODIS (2002-2013)
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Figure A1. Histogram of wet delay generated from moderate resolution imaging spectroradiometer
(MODIS) observations between 2002 and 2013: the data set consists of wet delay calculated over our
study area. The histogram shows that the wet delay values are distributed normally around 0 with
3 ecm standard deviation.

References

1.  Massonnet, D.; Feigl, K.L. Radar Interferometry and its Application to Changes in the Earth’s Surface. Rev. Geophys. 1998,
36, 441-500. [CrossRef]

2. Rosen, P.A.; Hensley, S.; Joughin, LR.; Li, EK.,; Madsen, S.N.; Rodriguez, E.; Goldstein, RM. Synthetic Aperture Radar
Interferometry. Proc. IEEE 2000, 88, 333-382. [CrossRef]

3. Hanssen, R.F. Radar Interferometry: Data Interpretation and Error Analysis; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 2001; Volume 2. Available online: https://books.google.com/books?hl=en&lr=&id=bqNkJUk4wtMC&oi=fnd&pg=
PA4&dqg=Radar+Interferometry:+Data+Interpretation+and+Error+Analysis&ots=8PcslJG19Qé&sig=vqN-YtuDqMMHaSVS-
INIE9wlzdk#v=onepage&q=Radar%20Interferometry%3A%20Data%20Interpretation%20and%20Error%20Analysis&f=false
(accessed on 9 September 2020).

4. Pepe, A,; Berardino, P.; Bonano, M.; Euillades, L.D.; Lanari, R.; Sansosti, E. SBAS-Based Satellite Orbit Correction for the
Generation of DInSAR Time-Series: Application to Radarsat-1 Data. IEEE Trans. Geosci. Remote Sens. 2011, 49, 5150-5165.
[CrossRef]

5. Fattahi, H.; Amelung, F. Dem Error Correction in INSAR Time Series. IEEE Trans. Geosci. Remote Sens. 2013, 51, 4249-4259.
[CrossRef]

6. Yang, Y, Pepe, A.; Manzo, M.; Casu, F; Lanari, R. A Region-Growing Technique to Improve Multi-Temporal DinSAR Interfero-
gram Phase Unwrapping Performance. Remote Sens. Lett. 2013, 4, 988-997. [CrossRef]

7. Loépez-Quiroz, P; Doin, M.P; Tupin, E; Briole, P.; Nicolas, ]. M. Time Series Analysis of Mexico City Subsidence Constrained by
Radar Interferometry. J. Appl. Geophys. 2009, 69, 1-15. [CrossRef]

8.  Biggs, J.; Wright, T.; Lu, Z.; Parsons, B. Multi-Interferogram Method for Measuring Interseismic Deformation: Denali Fault,
Alaska. Geophys. J. Int. 2007, 170, 1165-1179. [CrossRef]

9.  Zebker, H.A.; Villasenor, J. Decorrelation in Interferometric Radar Echoes. IEEE Trans. Geosci. Remote Sens. 1992, 30, 950-959.
[CrossRef]

10. Fattahi, H.; Amelung, F. InNSAR Bias and Uncertainty Due to the Systematic and Stochastic Tropospheric Delay. J. Geophys. Res.
Solid Earth 2015, 120, 8758-8773. [CrossRef]

11.  Goldstein, R. Atmospheric Limitations to Repeat-Track Radar Interferometry. Geophys. Res. Lett. 1995, 22, 2517-2520. [CrossRef]

12.  Massonnet, D.; Feigl, K.L. Satellite Radar Interferometric Map of the Coseismic Deformation Field of the M = 6.1 Eureka Valley,
California Earthquake of May 17, 1993. Geophys. Res. Lett. 1995, 22, 1541-1544. [CrossRef]

13. Tarayre, H.; Massonnet, D. Atmospheric Propagation Heterogeneities Revealed by ERS-1 Interferometry. Geophys. Res. Lett. 1996,
23,989-992. [CrossRef]

14. Zebker, H.A,; Rosen, P.A.; Hensley, S. Atmospheric Effects in Interferometric Synthetic Aperture Radar Surface Deformation and
Topographic Maps. J. Geophys. Res. Solid Earth 1997, 102, 7547-7563. [CrossRef]

15. Emardson, T.; Simons, M.; Webb, F. Neutral Atmospheric Delay in Interferometric Synthetic Aperture Radar Applications:
Statistical Description and Mitigation. J. Geophys. Res. Solid Earth 2003, 108, d0i:10.1029/2002JB001781. [CrossRef]

16. Doin, M.P; Lasserre, C.; Peltzer, G.; Cavalié, O.; Doubre, C. Corrections of Stratified Tropospheric Delays in SAR Interferometry:
Validation with Global Atmospheric Models. J. Appl. Geophys. 2009, 69, 35-50. [CrossRef]

17.  Samsonov, S.V.; Trishchenko, A.P.; Tiampo, K.; Gonzalez, PJ.; Zhang, Y.; Ferndndez, ]. Removal of Systematic Seasonal

Atmospheric Signal from Interferometric Synthetic Aperture Radar Ground Deformation Time Series. Geophys. Res. Lett. 2014,
41, 6123-6130. [CrossRef]


http://doi.org/10.1029/97RG03139
http://dx.doi.org/10.1109/5.838084
https://books.google.com/books?hl=en&lr=&id=bqNkJUk4wtMC&oi=fnd&pg=PA4&dq=Radar+Interferometry:+Data+Interpretation+and+Error+Analysis&ots=8PcslJG19Q&sig=vqN-YtuDqMMHaSVS-lNlE9wIzdk#v=onepage&q=Radar%20Interferometry%3A%20Data%20Interpretation%20and%20Error%20Analysis&f=false
https://books.google.com/books?hl=en&lr=&id=bqNkJUk4wtMC&oi=fnd&pg=PA4&dq=Radar+Interferometry:+Data+Interpretation+and+Error+Analysis&ots=8PcslJG19Q&sig=vqN-YtuDqMMHaSVS-lNlE9wIzdk#v=onepage&q=Radar%20Interferometry%3A%20Data%20Interpretation%20and%20Error%20Analysis&f=false
https://books.google.com/books?hl=en&lr=&id=bqNkJUk4wtMC&oi=fnd&pg=PA4&dq=Radar+Interferometry:+Data+Interpretation+and+Error+Analysis&ots=8PcslJG19Q&sig=vqN-YtuDqMMHaSVS-lNlE9wIzdk#v=onepage&q=Radar%20Interferometry%3A%20Data%20Interpretation%20and%20Error%20Analysis&f=false
http://dx.doi.org/10.1109/TGRS.2011.2155069
http://dx.doi.org/10.1109/TGRS.2012.2227761
http://dx.doi.org/10.1080/2150704X.2013.826835
http://dx.doi.org/10.1016/j.jappgeo.2009.02.006
http://dx.doi.org/10.1111/j.1365-246X.2007.03415.x
http://dx.doi.org/10.1109/36.175330
http://dx.doi.org/10.1002/2015JB012419
http://dx.doi.org/10.1029/95GL02475
http://dx.doi.org/10.1029/95GL01088
http://dx.doi.org/10.1029/96GL00622
http://dx.doi.org/10.1029/96JB03804
http://dx.doi.org/10.1029/2002JB001781
http://dx.doi.org/10.1016/j.jappgeo.2009.03.010
http://dx.doi.org/10.1002/2014GL061307

Sensors 2021, 21, 1124 21 of 22

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Schmidt, D.; Birgmann, R.; Nadeau, R.; d"Alessio, M. Distribution of Aseismic Slip Rate on the Hayward Fault Inferred from
Seismic and Geodetic Data. J. Geophys. Res. Solid Earth 2005, 110, doi:10.1029/2004JB003397. [CrossRef]

Wei, M.; Sandwell, D.; Smith-Konter, B. Optimal Combination of InNSAR and GPS for Measuring Interseismic Crustal Deformation.
Adv. Space Res. 2010, 46, 236-249. [CrossRef]

Ferretti, A.; Prati, C.; Rocca, F. Permanent Scatterers in SAR Interferometry. IEEE Trans. Geosci. Remote Sens. 2001, 39, 8-20.
[CrossRef]

Berardino, P; Fornaro, G.; Lanari, R.; Sansosti, E. A New Algorithm for Surface Deformation Monitoring Based on Small Baseline
Differential SAR Interferograms. IEEE Trans. Geosci. Remote Sens. 2002, 40, 2375-2383. [CrossRef]

Onn, F; Zebker, H. Correction for Interferometric Synthetic Aperture Radar Atmospheric Phase Artifacts Using Time Series of
Zenith Wet Delay Observations from a GPS Network. J. Geophys. Res. Solid Earth 2006, 111. [CrossRef]

Lofgren, J.S.; Bjorndahl, F.; Moore, A.W.; Webb, EH.; Fielding, E.]J.; Fishbein, E.F. Tropospheric Correction for Insar Using
Interpolated ECMWEF Data and GPS Zenith Total Delay from the Southern California Integrated GPS Network. In Proceedings of
the Geoscience and Remote Sensing Symposium (IGARSS), Honolulu, HI, USA, 25-30 July 2010; pp. 4503—4506.

Li, Z.; Muller, J.P; Cross, P; Fielding, E.J. Interferometric Synthetic Aperture Radar (InNSAR) Atmospheric Correction: GPS,
Moderate Resolution Imaging Spectroradiometer (Modis), and InSAR Integration. |. Geophys. Res. Solid Earth 2005, 110, B03410.
[CrossRef]

Li, Z.; Fielding, E.J.; Cross, P.; Muller, ].P. Interferometric Synthetic Aperture Radar Atmospheric Correction: Medium Resolution
Imaging Spectrometer and Advanced Synthetic Aperture Radar Integration. Geophys. Res. Lett. 2006, 33. [CrossRef]

Walters, R ; Elliott, J.; Li, Z.; Parsons, B. Rapid Strain Accumulation on The Ashkabad Fault (Turkmenistan) from Atmosphere-
Corrected InSAR. J. Geophys. Res. Solid Earth 2013, 118, 3674-3690. [CrossRef]

Parker, A.L.; Biggs, ]J.; Walters, R.]J.; Ebmeier, S.K.; Wright, TJ.; Teanby, N.A.; Lu, Z. Systematic Assessment of Atmospheric
Uncertainties for INSAR Data at Volcanic Arcs Using Large-Scale Atmospheric Models: Application to the Cascade Volcanoes,
United States. Remote Sens. Environ. 2015, 170, 102-114. [CrossRef]

Li, Z.; Fielding, E.; Cross, P.; Preusker, R. Advanced InNSAR Atmospheric Correction: MERIS/MODIS Combination and Stacked
Water Vapour Models. Int. |. Remote Sens. 2009, 30, 3343-3363. [CrossRef]

Jolivet, R.; Grandin, R.; Lasserre, C.; Doin, M.P; Peltzer, G. Systematic Insar Tropospheric Phase Delay Corrections from Global
Meteorological Reanalysis Data. Geophys. Res. Lett. 2011, 38. [CrossRef]

Jolivet, R.; Agram, P.S; Lin, N.Y.; Simons, M.; Doin, M.P; Peltzer, G.; Li, Z. Improving InNSAR Geodesy Using Global Atmospheric
Models. |. Geophys. Res. Solid Earth 2014, 119, 2324-2341. [CrossRef]

Gao, B.C.; Kaufman, Y.J. The MODIS near-IR water vapor algorithm. In Algorithm Theoretical Basis Document, ATBD-MOD; 1998;
Volume 5. Available online: https://modis.gsfc.nasa.gov/sci_team/meetings/199310/presentations/x21_nir.pdf (accessed on 9
September 2020).

Gao, B.C.; Kaufman, Y.J. Water vapor retrievals using Moderate Resolution Imaging Spectroradiometer (MODIS) near-infrared
channels. J. Geophys. Res. Atmos. 2003, 108. [CrossRef]

Baechler, M.; Gilbride, T.L.; Cole, P.C.; Hefty, M.G.; Ruiz, K. High-Performance Home Technologies: Guide to Determining Climate
Regions by County; US Department of Energy: Washington, DC, USA, 2015. Available online: https://www.energy.gov /sites/
prod/files/2015/10/f27 /ba_climate_region_guide_7.3.pdf (accessed on 9 September 2020).

Puysségur, B.; Michel, R.; Avouac, ].P. Tropospheric Phase Delay in Interferometric Synthetic Aperture Radar Estimated from
Meteorological Model and Multispectral Imagery. J. Geophys. Res. Solid Earth 2007, 112. [CrossRef]

Gonziélez, PJ.; Fernandez, J. Error Estimation in Multitemporal INSAR Deformation Time Series, with Application to Lanzarote,
Canary Islands. J. Geophys. Res. Solid Earth 2011, 116. [CrossRef]

Hanssen, R.E. Atmospheric Heterogeneities in ERS Tandem SAR Interferometry; Delft University Press: Delft, The Netherlands, 1998.
Cavalié, O.; Doin, M.P; Lasserre, C.; Briole, P. Ground Motion Measurement in the Lake Mead Area, Nevada, by Differential
Synthetic Aperture Radar Interferometry Time Series Analysis: Probing the Lithosphere Rheological Structure. J. Geophys. Res.
Solid Earth 2007, 112. [CrossRef]

Elliott, J.; Biggs, J.; Parsons, B.; Wright, T. InSAR Slip Rate Determination on the Altyn Tagh Fault, Northern Tibet, in the Presence
of Topographically Correlated Atmospheric Delays. Geophys. Res. Lett. 2008, 35. [CrossRef]

Tatarski, V.I. The Effects of the Turbulent Atmosphere on Wave Propagation. In Jerusalem: Israel Program for Scientific Translations;
1971. Available online: http:/ /adsabs.harvard.edu/pdf/1971etaw.book.....T (accessed on 9 September 2020).

Fialko, Y.; Simons, M. Evidence for On-Going Inflation of the Socorro Magma Body, New Mexico, from Interferometric Synthetic
Aperture Radar Imaging. Geophys. Res. Lett. 2001, 28, 3549-3552. [CrossRef]

Hooper, A.; Zebker, H.; Segall, P.; Kampes, B. A New Method for Measuring Deformation on Volcanoes and Other Natural
Terrains Using INSAR Persistent Scatterers. Geophys. Res. Lett. 2004, 31. [CrossRef]

Kampes, B.M. Displacement Parameter Estimation Using Permanent Scatterer Interferometry. Ph.D. Thesis, TU Delft, Delft
University of Technology, Delft, The Netherlands, 2005.

Lanari, R.; Mora, O.; Manunta, M.; Mallorqui, J.J.; Berardino, P.; Sansosti, E. A Small-Baseline Approach for Investigating
Deformations in Full-Resolution Differential SAR Interferograms. IEEE Trans. Geosci. Remote Sens. 2004, 42, 1377-1386. [CrossRef]
Yunjun, Z.; Fattahi, H.; Amelung, F. Small baseline InNSAR time series analysis: Unwrapping error correction and noise reduction.
Comput. Geosci. 2019, 133, 104331. [CrossRef]


http://dx.doi.org/10.1029/2004JB003397
http://dx.doi.org/10.1016/j.asr.2010.03.013
http://dx.doi.org/10.1109/36.898661
http://dx.doi.org/10.1109/TGRS.2002.803792
http://dx.doi.org/10.1029/2005JB004012
http://dx.doi.org/10.1029/2004JB003446
http://dx.doi.org/10.1029/2005GL025299
http://dx.doi.org/10.1002/jgrb.50236
http://dx.doi.org/10.1016/j.rse.2015.09.003
http://dx.doi.org/10.1080/01431160802562172
http://dx.doi.org/10.1029/2011GL048757
http://dx.doi.org/10.1002/2013JB010588
https://modis.gsfc.nasa.gov/sci_team/meetings/199310/presentations/x21_nir.pdf
http://dx.doi.org/10.1029/2002JD003023
https://www.energy.gov/sites/prod/files/2015/10/f27/ba_climate_region_guide_7.3.pdf
https://www.energy.gov/sites/prod/files/2015/10/f27/ba_climate_region_guide_7.3.pdf
http://dx.doi.org/10.1029/2006JB004352
http://dx.doi.org/10.1029/2011JB008412
http://dx.doi.org/10.1029/2006JB004344
http://dx.doi.org/10.1029/2008GL033659
http://adsabs.harvard.edu/pdf/1971etaw.book.....T
http://dx.doi.org/10.1029/2001GL013318
http://dx.doi.org/10.1029/2004GL021737
http://dx.doi.org/10.1109/TGRS.2004.828196
http://dx.doi.org/10.1016/j.cageo.2019.104331

Sensors 2021, 21, 1124 22 of 22

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Pearse, ].; Fialko, Y. Mechanics of Active Magmatic Intraplating in the Rio Grande Rift Near Socorro, New Mexico. |. Geophys.
Res. Solid Earth 2010, 115. [CrossRef]

Sanford, A.R.; Alptekin, 0. Toppozada, T.R. Use of Reflection Phases on Microearthquake Seismograms to Map an Unusual
Discontinuity Beneath the Rio Grande Rift. Bull. Seismol. Soc. Am. 1973, 63, 2021-2034.

Balch, R.S.; Hartse, H.E.; Sanford, A.R.; Lin, Kw. A New Map of the Geographic Extent of the Socorro Mid-Crustal Magma Body.
Bull. Seismol. Soc. Am. 1997, 87, 174-182.

Reilinger, R.; Oliver, ]. Modern Uplift Associated with a Proposed Magma Body in the Vicinity of Socorro, New Mexico. Geology
1976, 4, 583-586. [CrossRef]

Larsen, S.; Reilinger, R.; Brown, L. Evidence of Ongoing Crustal Deformation Related to Magmatic Activity Near Socorro, New
Mexico. J. Geophys. Res. Solid Earth 1986, 91, 6283-6292. [CrossRef]

Brown, L.; Wille, D.; Zheng, L.; DeVoogd, B.; Mayer, J.; Hearn, T.; Sanford, W.; Caruso, C.; Zhu, T.F.; Nelson, D.; et al. COCORP:
New Perspectives on the Deep Crust. Geophys. J. Int. 1987, 89, 47-54. [CrossRef]

Ake, J.; Sanford, A. New Evidence for the Existence and Internal Structure of a Thin Layer of Magma at Mid-Crustal Depths Near
Socorro, New Mexico. Bull. Seismol. Soc. Am. 1988, 78, 1335-1359.

Finnegan, N.J.; Pritchard, M.E. Magnitude and Duration of Surface Uplift Above the Socorro Magma Body. Geology 2009,
37,231-234. [CrossRef]

Newman, A.; Love, D.; Chamberlin, R.; Dixon, T.; LaFemina, P; Bilek, L.; Aster, R. Rapid Transient Deformation From a Shallow
Magmatic Source at the Socorro Magma Body, NM, USA? In AGU Fall Meeting Abstracts; G43C-02; American Geophysical Union:
Washington, DC, USA, 2004.

Jackson, M. UNAVCO GPS Network—PAS1-Passcal #1 P.S.; The GAGE Facility operated by UNAVCO, Inc.; UNAVCO, Inc.:
Boulder, CO, USA, 2001.

UNAVCO Community, K.M. SuomiNet-C GPS Network—SC01-NMT Socorro P.S.; The GAGE Facility operated by UNAVCO, Inc.;
UNAVCO, Inc.: Boulder, CO, USA, 2001.

Newman, A. Socorro GPS Network—CDVV-Canada Viveroso P.S.; The GAGE Facility operated by UNAVCO, Inc.; UNAVCO, Inc.:
Boulder, CO, USA, 2005.

Newman, A. Socorro GPS Network—PDBG-Puertocito del Bowling Green P.S.; The GAGE Facility operated by UNAVCO, Inc.;
UNAVCO, Inc.: Boulder, CO, USA, 2005.

Blewitt, G.; Hammond, W.C.; Kreemer, C. Harnessing the GPS data explosion for interdisciplinary science. Eos 2018, 99, 1-2.
[CrossRef]

Werner, C.; Wegmtiller, U.; Strozzi, T.; Wiesmann, A. GAMMA SAR And Interferometric Processing Software. In Proceedings of
the ERS-ENVISAT Symposium, Gothenburg, Sweden, 16-20 October 2000; Citeseer: Gothenburg, Sweden, 2000; Volume 1620,
p- 1620.

Rosen, P.A; Hensley, S.; Peltzer, G.; Simons, M. Updated Repeat Orbit Interferometry Package Released. Eos Trans. Am. Geophys.
Union 2004, 85, 47. [CrossRef]

Farr, T.G.; Rosen, P.A ; Caro, E.; Crippen, R.; Duren, R.; Hensley, S.; Kobrick, M.; Paller, M.; Rodriguez, E.; Roth, L.; et al. The
Shuttle Radar Topography Mission. Rev. Geophys. 2007, 45. [CrossRef]

Chen, C.W,; Zebker, H.A. Two-Dimensional Phase Unwrapping with Use of Statistical Models for Cost Functions in Nonlinear
Optimization. JOSA A 2001, 18, 338-351. [CrossRef]

Usai, S. A Least Squares Database Approach for SAR Interferometric Data. IEEE Trans. Geosci. Remote Sens. 2003, 41, 753-760.
[CrossRef]

Fattahi, H. Geodetic Imaging of Tectonic Deformation with INSAR. Ph.D. Thesis, University of Miami, Miami, FL, USA, 2015.
Marinkovic, P; Larsen, Y. Consequences of Long-Term ASAR Local Oscillator Frequency Decay-An Empirical Study of 10 Years
of Data. In Proceedings of the Living Planet Symposium, Edinburgh, UK, 9-13 September 2013; European Space Agency: Frascati,
Italy, 2013.

Pepe, A.; Lanari, R. On The Extension of The Minimum Cost Flow Algorithm for Phase Unwrapping of Multitemporal Differential
SAR Interferograms. IEEE Trans. Geosci. Remote Sens. 2006, 44, 2374-2383. [CrossRef]

Yu, C; Li, Z,; Penna, N.T. Interferometric Synthetic Aperture Radar Atmospheric Correction Using a GPS-Based Iterative
Tropospheric Decomposition Model. Remote Sens. Environ. 2018, 204, 109-121. [CrossRef]

Liao, H.; Wdowinski, S.; Li, S. Regional-scale hydrological monitoring of wetlands with Sentinel-1 INSAR observations: Case
study of the South Florida Everglades. Remote Sens. Environ. 2020, 251, 112051. [CrossRef]

Zhang, J.; Bock, Y.; Johnson, H.; Fang, P.; Williams, S.; Genrich, J.; Wdowinski, S.; Behr, J. Southern California Permanent GPS
Geodetic Array: Error Analysis of Daily Position Estimates and Site Velocities. |. Geophys. Res. Solid Earth 1997, 102, 18035-18055.
[CrossRef]

Lin, Y.n.N,; Simons, M.; Hetland, E.A.; Muse, P.; DiCaprio, C. A Multiscale Approach to Estimating Topographically Correlated
Propagation Delays in Radar Interferograms. Geochem. Geophys. Geosyst. 2010, 11. [CrossRef]

Liang, H.; Zhang, L.; Ding, X.; Lu, Z.; Li, X. A joint model for isolating stratified tropospheric delays in multi-temporal Insar.
In Proceedings of the IGARSS 2018—2018 IEEE International Geoscience and Remote Sensing Symposium, Valencia, Spain,
22-27 July 2018; pp. 2258-2261.

Shapiro, S.S.; Wilk, M.B. An Analysis of Variance Test for Normality (complete samples). Biometrika 1965, 52, 591-611. [CrossRef]


http://dx.doi.org/10.1029/2009JB006592
http://dx.doi.org/10.1130/0091-7613(1976)4<583:MUAWAP>2.0.CO;2
http://dx.doi.org/10.1029/JB091iB06p06283
http://dx.doi.org/10.1111/j.1365-246X.1987.tb04386.x
http://dx.doi.org/10.1130/G25132A.1
http://dx.doi.org/10.1029/2018EO104623
http://dx.doi.org/10.1029/2004EO050004
http://dx.doi.org/10.1029/2005RG000183
http://dx.doi.org/10.1364/JOSAA.18.000338
http://dx.doi.org/10.1109/TGRS.2003.810675
http://dx.doi.org/10.1109/TGRS.2006.873207
http://dx.doi.org/10.1016/j.rse.2017.10.038
http://dx.doi.org/10.1016/j.rse.2020.112051
http://dx.doi.org/10.1029/97JB01380
http://dx.doi.org/10.1029/2010GC003228
http://dx.doi.org/10.1093/biomet/52.3-4.591

	Detection threshold estimates for insar time series: A simulation of tropospheric delay approach
	Recommended Citation

	Introduction
	Tropospheric Phase Delay
	Vertical Stratification
	Turbulence Mixing

	Data Simulation and Analysis
	Tropospheric Delay Simulations
	Tropospheric Delay Due to Vertical Stratification
	Tropospheric Delay Due to Turbulence Mixing
	Tropospheric Delay Due to Combination of Vertical Stratification and Turbulence Mixing

	Velocity Estimation
	Error Analysis

	Results
	Sensitivity Analysis
	A Case Study: Application to Socorro Magma Body
	Study Area
	Data and Processing

	Discussion
	Conclusions
	Derivation of Deviatoric Tropospheric Phase Delay
	Absolute Standard Deviation of Wet Delay
	References

