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ANNEXE F - D-InSAR description and discussion on
limitations
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Annexe F: D-InSAR description and discussion on limitations

D-InSAR description
The basic D-InSAR geometry is highlighted in the following diagram:

Si - Master Image

S:- Slave Image
d - Object displacement

Figure 1: D-InSAR geometry to calculate surface displacement (Modified from
Raisinghani, 2007)

In figure 1, the surface point with height z is displaced a distance d in the o4 direction.
Hence, the target range for the slave image is now rg’.

To estimate error, let the following relation apply:
O(x,r) = %&' (1)
Where ®(x,r) is the phase difference for each image pixel. Thus From the phase

information obtained by radar satellites, the slant range difference can be obtained.

or = iAd)(x, r) (2)
4

A(6F) = %A(D(x, r) (3)

Taking, for example, a system operating with C-band (A = 5.6 cm) and the error in the
phase difference (4®(x,r)) of 30°, gives 4(dr) = 2.3mm.
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In the figure above, the surface point with height z is displaced a distance d in the a4
direction. Hence, the target range for the slave image is now rq’. From equation (2) above,
the following relation is obtained:

O = 47”(;;, —r)= 47”(;;, —P4r'—r) = 47”(5@, +6r) 4)
.@ - &d +or (5)

4

Hence, the phase has contributions from both the target slant range displacement values
and the topography &r; the latter contribution arising due to the presence of a baseline b.
Thus, in the ideal case where the master and slave image passes occur on exactly the same
orbit (b = 0), there are no topographic contributions and from the above geometry:

or, =dcos(90°-0+a,)=dsin(@-a,) (6)

Essentially, using D-InSAR, one can obtain the slant range displacement values 6rg’ from
which they can then determine d by prior knowledge of the landscape slope o4.

However, the assumption that b= 0 is not realistic, so there will be some topographical
displacement contribution. This is why small baselines are sought when using the D-
InSAR technique to minimize that contribution. In addition, higher-resolution DEM’s
lead to better accuracy in determining & which then leads to greater accuracy in
determining 6r.

Consider the following equation:

X rsinl9.
bJ_

£s (7)

Where ¢, represents the height accuracy of the object and &5 is the corresponding
accuracy on the topographic height profile (the negative sign is omitted since dealing with
just the magnitude). If one uses the SRTM DEM, then &, = 90m and from the above
equation, g5 =1.6cm. This error is then transferred to 6r;, when the &7 contribution is
subtracted (Franceschetti and Lanari, 1999).

Limitations of D-InSAR

Several factors influence the quality of an interferogram and the output producfs such as a
deformation map. Five important points to consider are:
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1- Perpendicular baselines between acquisitions have upper limits. Typical values for
maximum usable baseline separation are less than 600 m for ERS-1/2, ENVISAT ASAR,
and RADARSAT-1. In certain conditions RADARSAT-1 can have up to 800 m of
perpendicular baseline. JERS-1 and ALOS allow for larger baseline however normally
the baselines should be less than 1.5 km (Wegmiiller et al., 2006). RADARSAT-2 is
expected to have relatively small perpendicular baselines — suitable for InNSAR processing
(MDA, 2009).

2- Atmospheric effects - The main error term concerning the deformation rate accuracy
achievable for areas of sufficient coherence, is related to the heterogeneity of the
atmospheric path delay (Zebker et a., 1997). Spatid variability of the atmosphere
changes with time thus fringes produced by atmospheric effects (essentidly in the
ionosphere and in the troposphere — i.e. clouds) should not have fixed geographic position
in interferometric pairs taken at different times.

3- The terrain being imaged may change between passes of the SAR. This may result in
one of two types of effects on the phase information:

* Systematic phase effects caused by large-scale motion during the time interval
between the passes, for example: a city may subside. In this case if movement of
the terrain between the acquisitions is larger than A/2 (equal to interferometric
fringe) only the phase between 0 and 2n of the deformation is obtained and not the
whole n27+¢ . Thus in the case of C-band (A = 5.6 cm) the maximum detectable

movement in the LOS between acquisitions is 2.8 cm. This restricts the
applicability of D-InSAR to relative slow moving deformation.

* Random phase effects caused by decorrelation of the phase contributions of
scatterers within the resolution cells. We call this temporal decorrelation. This
often results in cells or entire areas being of little use for interferometry (MDA,
2007). Vegetation growth or movement is a common cause of the random phase
effect.

4- As with all SAR imagery, high spatial resolution greatly influences the utility of the
imagery for a particular application. With respect to the sensors, RADARSAT-2 (3.0
metres) and TerraSAR-X (1.0 metre) have among the finest resolutions. The DEM
resolution is also an important factor in properly removing the topographic phase
component. A higher resolution DEM will lead to proper removal of the topographic
phase, and thus better deformation information.

5- Band type and wavelength - Differences in sensor wavelength have a varying effect on
InSAR results. Several band types exist from different sensors (Table 1). C-Band is a
mid-spectrum frequency, where the midsized wavelength enables better resolution than L-
band yet worse than X-band. However, C-Band tolerates higher vegetative cover than X-
band yet less than L-band. Incomplete spatial coverage caused by temporal decorrelation
and problems in resolving high spatial phase gradients are limitations of C-band and X-
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band INSAR (Wegmiiller et al., 2006). With L-band these limitations are reduced due to
the longer wavelength. Strozzi et al. (2003) demonstrated that L-band coherence over
forest can be high enough to permit interpretation of the interferometric phases, not
possible with C-band. X-band has an even smaller wavelength than C-band, thus for
longer acquisition intervals, its use is limited to areas with minimal vegetation. However,
assuming ideal conditions (minimal vegetative cover, small spatial/temporal
decorrelation), higher resolution is obtained by the shorter wavelength. Advantages and
disadvantages are found for all wavelengths, and each wavelength might be more suitable
for a particular application. Due to the availability of data, this study uses C-Band radar
data from ERS-1, ERS-2, ENVISAT ASAR, and RADARSAT-1.
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ANNEXE G - Supplementary data for the HELP3
Model
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Legend Pedology
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Figure 1: 2D Pedology of the Toluca Valley used for the HELP3 Model.

Table 1: Pedology values used for porosity, Field Capacity, Wilting point, K, and SCS
Curve number.

SCS
Curve #
Help Field Wilting Type

Soil name |code Code # |code porosity |Capacity |Point Ksat (A,B,C,D)
ANDOSOL |T 0|3 0.457 0.083 0,033 3,1E-03 B
PLANOSOL |W 1] 24 0,365 0,305/0.202 2,7E-06 Cc
LUVISOL L 2| 26 0,445 0,393|0.277 1,9E-06 C
FEOZEM H 3/ 6 0,453 0,19(0.085 7,2E-04 B
VERTISOL |V 4| 28 0,452 0,411/0.311 1,2E-06 D
CAMBISOL |B 5|3 0.457 0.083 0,033| 3,1E-03 B
water 6|na na na na na na
LEPTOSOL |l 701 0,417 0,045| 0.018 1,0E-02 A
HISTOSOL |O 8| 29 0,451 0,419/0.332 6,8E-06 D
REGOSOL |R 9| 4 0,437 0,105/0.047 1,7E-03 A
FLUVISOL |J 10| 2 0,437 0,062|0.024 5,8E-03 A




Legend 2D Geology
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Figure 2: 2D Geology of the Toluca Valley used for the HELP3 Model. Included are
values for porosity, Field Capacity, Wilting point, K¢, and SCS Curve nuniber.

Table 2: Geology values used for porosity, Field Capacity, Wilting point, K, and SCS
Curve number.

Total Field Wilting SCS

Code # Porosity | Capacity| Point Ksat Curve #
Volcanoclasts 0 0,3 0,45 0,1 7,00E-04 B
Andesite 1 0,3 0,45 0,1 2,00E-04 C
Sedimentary Brechia 2 0,3 0,45 0,1 5,00E-03 C
Alluvial 3 0,437 0,062 0,024 3,00E-03 A
Conglomerate = 0,3 0,45 0,1 2,00E-04 B
PRESA 5 0,2 0,5 0,4 2,00E-05 C
Lacustrial 6 0,451 0,419 0,332 2,00E-07 D
BORDO 7 0,3 0,45 0,1 2,00E-04 B
Basalt 8 0,3 0,5 0,4 5,00E-04 C
Toba Basico 9 0,3 0,45 0,1 2,00E-04 B
Basic Volcanic Brecia 10 0,35 0,45 0,1 2,00E-04 C
Intermediate Volcanic Brecia 11 0,3 0,45 0,1 2,00E-04 C
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Annexe H — Sources of Uncertainty







In this appendix, the uncertainty in the quantification of land subsidence of the Toluca
Valley is examined. There are several sources of uncertainty ranging from field data,
remote sensing methods, and numerical modeling. With field data, the quality of the data
gathered is a source of uncertainty, uncertainty can be attributed to measured parameters
such as 4, Ss S’skv, S’ske, K, 0, compaction (Chapters 2, 3, 4), in turn uncertainty can be
attributed to the quality of the generated products: 3D geological model (Chapter 4), the
the water balance (recharge, discharge, deficit) (Chapter2).

With InSAR generated results, there are also several sources of uncertainty. The quality of
the satellite image gathered, the method for generating the interferogram, the quality of
the subsidence maps (unwrapping techniques used) are all sources of uncertainty. It
should be noted that the quality of the DEM can reduce uncertainty. In Chapter 3 it is
noted that a higher resolution DEM was not available for the Toluca Valley, thus an

SRTM 90 m was used.

In addition to the above uncertainties, the modeling aspect of the work presented in this
thesis is also a source of uncertainty. Using an instantaneous compaction approach to
modeling the behaviours of the Toluca Valley clays are also a source of uncertainty.
Incorporating other physical characteristics, such as time delays, hydraulic conductivity
dependence, and other could improve the uncertainty. Additionally, the numerical method
used to solve the equations: finite difference vs. finite element or implicit vs. explicit

solution techniques are sources of uncertainty. .

Thus, the choice of the parameters chosen to analyze uncertainty in the subsidence of the
Toluca Valley is arbitrary. Since pumping scenarios for future simulations (best case,
worst case, average case) (Chapter 5), and climate change (Chapter 2) were examined, the
focus of this uncertainty analysis focuses on the material properties and more specifically
on varying the elastic skeletal specific storage (S’s«y). This parameter is by far the most

sensitive material property parameter to compaction representation.
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Based on table 1, the S’y for the clay layers were varied by both 0.5 and 1 order of
magnitude. That is to say that the clay layers (layers 1, 4, 9, and 12) were varied upward
and downward by half an order of magnitude. The values were varied based on field
observation.

Table 1: Description of material properties for the Toluca Valley.

Clay layer Average case Best case Worst case
Clay layer 1 3,7E-6 8,7E-7 8,7E-6
Clay layer 2 4,2E-7 9,2E-8 9,2E-6
Clay layer 3 4,4E-7 9,4E-8 9,4E-7
Clay layer 4 7,5E-7 2,5E-7 2,5E-6

The results of the simulations are presented in Figure 1. As predicted, results show that

S’skv is a very sensitive parameter. There are very

Best case Average case Worst case
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Figure 1 Total compaction (m) for the best case, average case and worst case, varying
S shv

The average expected subsidence is 1.3 m. Maximum subsidence in the best case and
worst case scenarios are 0.9 m and 2.0 m respectively. The exercise has shown the
importance of accurate and a large quantity of field data. A better characterization of the
geological structure and better estimates for S’skv will decrease uncertainty in the results

and improve predictions.

314






