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The Earthquake Deformation Cycle
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The Earthquake Deformation Cycle
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2 December 1997
(25 days)

6 January 1998
(60 days)

10 February 1998
(95 days)

17 March 19938
(130 daye)

21 Apri 1998
(165 days)

8 September 1998
(305 days)

2 November 1999
(725 days)

26 Decembar 2000
(1145 days)
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The Earthquake Cycle

100 km

Note: Numbers vary for different faults



The Earthquake Cycle
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100 km

The Earthquake Cycle
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100 km

The Earthguake Cycle
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Interseismic Deformation
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Fault-// rate (mm/yr)

Fault-// rate (mm/yr)

North and East Anatolian Fault (Richard Walters, PhD 2013)
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The Earthguake Deformation Cycle

Coselsmlc Deformatlo
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Remote Sensing
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air light
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scattering

scattering

scattering absorpsion

reflected energy
(some of which is
lost by scattering
and absorption)
sunlight

skylight

reflection

This is passive remote sensing where the Sun provides a natural
source of illumination.

Active remote sensing involves illuminating the ground from the
observing platform in some way, e.g. with radar or lasers.



The Electromagnetic Spectrum
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Active Remote Sensing with Microwaves
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Radar = RAdio Detection And Ranging




Side-Looking Airborne Radar




Side-Looking Airborne Radar

Vs TRAJECTORY

san =
> O~A/W
LooK e.g. A =0.05m
ANGLE, ¥ W=10m
RADIATED 0 ~ 0.005 radians

If at 800 km height,
along-track
footprint ~ 4 km

SWATH FOOTPRINT



Trick — the Synthetic Aperture

All the radar echoes that
Illuminate a given patch of
ground are used to construct a
synthetic larger antenna




Synthetic Aperture Radar (SAR)

Spacecraft

A SAR makes use of measurements of the range and
Doppler shift of the radar returns to locate ground points. The

signals from many returns are analysed together to image Equi-Doppler

ground elements ~5x20m in size, much smaller than would Lines of
be possible with a stationary antenna of the same size - Equidistance
hence the Synthetic Aperture. llluminated

Area



INSAR — how It works

« Actively illuminate ground
with radar waves.

« Operates day and night,
can see through clouds

* ERS, Envisat (1991): very
stable orbits and pointing |
= INSAR

* Followed by ERS-2
(1995) and Envisat (2003)
for ~ 20 year time series

- Tropicaltcradieifor biodiversity, == o

= Seismologicalidetection offa
somanylesplume?s -, 5




INSAR — how It works

Round trip ~ 30 million wavelengths

BUT we don’t know the exact number




INSAR — how It works

|
ANZANS\NZNE




INSAR — how It works




INSAR — how It works




Image A - 12 August 1999
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Image A - 12 August 1999

Interferogram =
Phase A - Phase B

Remove phase from
topography
satellite positions
earth curvature

Image B» - 16 September 1999



E30° =31°

Black Sea 0 25
]

Kilometers

Sea of
Marmara

I (-20) 567 mm range decrease

I (-10) 283 mm range decrease

I (-2) 57 mm range decrease I

I (-1) 28 mm range decrease I

I (0) 0 mm range change I

17 August 1999, Izmit earthquake (Turkey)
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Components of interferometric phase
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Components of interferometric phase

A¢|nt = T A¢topo T A¢atm T A¢noise T A¢def

B . :
/ «Calculate phase ramp from satellite orbits
N Y/ \ ~500 fringes across typical frame
‘5%%7// *Subtract from interferogram
200
— ) _ .
%;gj;,, Z%% *Residual orbital errors:
= LA/
=—__ /)
= ~
) ;//%, ’%% 0.3 mm/km (north, ERS)
— ;;/;%7/ ~0.1 mm/km (east, ERS)
///// /,// ’ .
= ,Zfz%%/{?////// (better for Envisat)
——_ )]
%%////;;/ Minimal control on v. long wavelength




Components of interferometric phase

A¢|nt = A¢geom T

+ A¢atm t A¢noise T A¢def




Components of interferometric phase

A¢|nt = A¢geom T A¢topo T T A¢noise T A¢def

| Afoggy morning,

near ancient Mycenae,

Greece




Components of interferometric phase

A¢|nt = A¢geom T A¢topo T Patm T A¢noise T A¢def

Layered atmosphere

to 29/7/1997 to 29/7/1997 Topography




Path delay

Path delay

Components of interferometric phase

Adnt= A@yeom T APropo T

+ A¢nois.e T A¢def

Layered atmosphere

Pass 1

-

Pass 2




Components of interferometric phase

Adnt= A@yeom T APropo T

¢ T A¢n0ise t A¢def

Turbulent atmosphere

e,

¢} June - December : o : 3 €) July - December
ha = -559 m " B ha =-948 m

June to December July to December

Athens Earthquake — September 1999

a) June - July
ha =-1356 M

June to July




Components of interferometric phase

A¢|nt = A¢geom T A¢topo T T A¢noise T A¢def

» Size of Ag,,, (at sea level) scales with
distance, but can be +/- 10 cm or more.

» Methods for dealing with Ag, .

Ignore (most common)

Quantify

Model based on other observations

(e.g. GPS, meteorology...)

Increase SNR by stacking or time series analysis




Components of interferometric phase

AGnt= APgeom T APopo T Adym +

+ A¢def

* Biggest source of noise is due to changing
ground surface

« Coherence is convenient measure

A%




Components of interferometric phase

A¢|nt = A¢geom T A¢topo T A¢atm T T A¢def
* Biggest source of noise is due to changing
ground surface
« Coherence is convenient measure
sl ///' 1| =]~
a /y g
/ 7 -~ b ,,;7 T
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i I

Coherence =b/a




Components of interferometric phase

A¢|nt = A¢geom T A¢topo T A¢atm + Ag, et A¢def

Coherent surface types

» Bare Rock
* Buildings esp. towns/cities

* Grassland
* Agricultural fields
* Ice

Incoherent surface types

 Leafy Trees
» Water




Components of interferometric phase

A¢|nt = A¢geom T A¢topo T A¢atm T T A¢def

1. incoherence

« Changes in the ground cover cause a random
phase shift for each pixel

« Large baselines

2. Unwrapping errrors

* Phase in interferograms is wrapped (each fringe
IS 2 © radians).

« Discontinuities or data gaps can cause phase
unwrapping errors




Components of interferometric phase

A¢|nt = A¢geom T A¢topo T A¢atm T A¢noise T

INSAR ONLY MEASURES THE COMPONENT OF SURFACE
DEFORMATION IN THE SATELLITE'S LINE OF SIGHT

‘Ar:-n.u ‘

where n is a unit vector pointing
from the ground to the satellite

Adhyer= (470 /0. ) Ar|

Ar
l.e. 1 fringe = 28.3 mm l.0.s. deformation for

e ERS



Error Budget (1)
Single interferogram

2
O yef _©+Gtopo+0 -I-J h-I-G + O nw

Orbital errors = long-wavelength ramps.

Envisat: ~0.3 mm/km (across-track) and 0.1 mm/km
(along-track) (wang, wright and Biggs, GRL 2009].

Can correct by processing long strips and tying to GPS

(see. Fringe presentations by Wang, Pagli and Hamlyn)

Should be negligible for future missions with onboard
GPS receivers.



Error Budget (1)
Single interferogram

2 2
Gdef—Ggm-I--I-G -I-Goh-I-G + O nw

r..B,

slant
O — O
topo - DEM
" sing

e SRTM error ~ 4 m absolute, of which 2.5 m is not
spatially correlated [Rodriguez et al., PERS 2006]

m G0, (40° incidence)
150 m 1.1 mm
300 m 2.3 mm

1000 m 7.8 mm



Error Budget (1)
Single interferogram

2 2
Gdef _Ggm_l_a

2 2 2 2
topo T Jcoh T Gsys T Gunw

* Troposhere

Emardson et al., 2003:
o=cL* [c~2.5, a~0.5]
o= 25 mm at 100 km

(assume no corrections)

Atmospheric Sigma, o, (mm)

° ! 10° 10°
Length Scale, L, (km)



Error Budget (1)
Single interferogram

2 _
Odet = G topo oh T Gsys T Gunw

* lonosphere (1/f? dependence). Important
at L-band, but not at C-band.

e Can correct with split band processing (e.g.
1200 and 1260 MHz) in future missions

* lonospheric error on 100 km wavelength ~
1mm after spatial averaging



Error Budget (1)
Single interferogram

2 2 2 2 2 2
Odet = Ggm T Gtopo T O atm ++ Gsys T O inw

* Coherence, y

» important at short wavelengths, but can be averaged
through multilooking to < 1 mm for most ground cover

types



Error Budget (1)
Single interferogram

2 2 2 2 2 2
Odet = Ggm T Gtopo T O atm T O con + O inw

* Coherence, y

» important at short wavelengths, but can be averaged
through multilooking to < 1 mm for most ground cover

types
e System (thermal) - modifies coherence

» reduces effective coherence, but still insignificant after
spatial averaging.

A y

4z )N, 7 Yo = 1 SNR




Error Budget (1)
Single interferogram
+0. +0

2 2 2 2 2
Odet = Ggm T Gtopo atm coh T Gsys +

 Unwrapping errors difficult to quantify.

 Assume = 0 in this analysis (probably OK for
L-band missions or missions with short
revisits).



Error Budget (1)
Single interferogram

2 2 2
+ Jcoh T Gsys T Gunw

Atmospheric (tropospheric) error dominates
at 100 km length scales, at which single
interferograms have error of ~¥25 mm.



Improving SNR: 1. Stacking

Individual Interferogram

Typical atmospheric noise for
individual interferogram ~ 1cm

Stack: Add together 5 interferograms
Signal increases by a factor of 5

Noise increases by a factor of V5

Signal:Noise ratio increases
by 5/N5 =5 ~2.23

For continuous phenomena (e.qg.
Interseismic strain) or discrete events
(e.g earthquakes)

Biggs et al, 2009 (Geology)



Improving SNR: 2. Time Series Methods

All time series methods are essentially the
same — rely on large stacks of imagery to
separate signal from noise

Time

E

=150 0 150
Displacement rate (mm/yr)

2008
year

2006

2010

© = = NN
oo o u
Deformation (m)

o
o
LOS



.T he Future
.“lb 2

‘ Sentlnel 1 (ESA GI\/IE
 “Operational” C-band INSAR
« 12 day repeat, 2 satellites = 3 day revisit

» Funded for 20 years, Launch earli 2014 .







Part 2: “Advanced” INSAR Methods



Outline for Advanced Methods

1. Combining interferograms

Stacking

Time series

SBAS/Permanent Scatterers

Error budget for Time Series Methods

2. Determining 3D displacements/velocities

Direct inversion
Combination with GPS

3. Atmospheric Corrections

Linear/Smooth Velocity Assumption
MERIS/MODIS

GPS

Weather Models



Stacking

Individual Interferogram

Typical atmospheric noise for
individual interferogram ~ 1cm

Stack: Add together 5 interferograms
Signal increases by a factor of 5

Noise increases by a factor of V5

Signal:Noise ratio increases
by 5/N5 =5 ~2.23

For continuous phenomena (e.qg.
Interseismic strain) or discrete events
(e.g earthquakes)

Biggs et al, 2009 (Geology)



All time series methods are essentially the same — rely on large

Time

stacks of imagery to separate signal from noise
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Time Series Example

Q B g 8
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Time Series Inversion

o B
. F— C Q

Acquisitions A,B,C D

2 O

qv]

= A @C
Ia=0e-dA = VastaB time
lsc=0c-ds = Veclsc
irc=dc-da = (dc-ds) + (ds-da) = Vastas + Vaclsc

‘Gle m = dins
N

~ a8 O ) [VAB] —

0 tac VeG

IAB

IBC

To get correct answer with this
method, weighting with
covariances is essential

>1Gins M = X 1dins




SBAS: Short BAseline Subset

Example: Campi Flegrei caldera (ltaly).

) (\sc‘ending ¢ 3

30 ascending images
=> 180 interferograms

Max uplift of 2 cm/yr in
Pozzuoli Harbour

Pozzuoli

Modelled by an inflation rate of
a magma chamber at a depth
of 3.2 km with a volume change
of 1.1 x 10°% m3/yr

(Trasatti et al, 2008; Casu et al, 2006)



SBAS

Pozzuoli Harbour time series:

5 T | T
E 4Fe) : ALK
= 3 I * 1
g 1 . : x :
Lg_ OF A A m% Iﬁ A aus AMAA :
5 S0 e s e 3
2003 2004 2005 2006 2007

Time [years]

Stated accuracy: 1 mm/yr in rate. 5 mm in displacement.

Good match with levelling data (red).



PI-RATE: Poly-lnterferogram Rate And Time-series Estimator

Select interferograms

Find reference point

http://homepages.see.leeds.ac.uk/~earhw/pirate

@ Used in this study
O Not used in this study

Remove initial models

H Update initial models

U

DEM error estimation

Orbital error correction

Topo-atmos error correction

VCM estimation

Slip rate inversion

Make rate map

Biggs et al., 2007, GJI;
Final time series analysis Elliott et al., 2008, GRL;
& Wang et al., 2009, GRL.

APS removal by TS analysis

H Add back initial models




PS INSAR:
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Dixon et al , 2006

S

N ORLEANS
L a k e L [mmiyear]

-28.60--17.60
-17.59--13.54
-13.53--10.20
-10.19--8.90
-8.89--8.10
-8.09 - -7.50
-7.49--7.00
-6.99 - -6.60
-6.59 - -6.30
-6.29 - -6.00
-5.99--5.70
-5.69 - -5.50
-5.49 - -5.30
-5.29--5.10
-5.09 - -4.90
-4.89 --4.70
-4.69 - -4.50
-4.49 - -4.30
-4.29 --4.00
-3.99--3.70
-3.69 --3.40
-3.39--3.10
-3.09 --2.80
-2.79--2.40
-2.39--1.80
-1.79-10.30




STAMPS: Volcan Alcedo, Galapagos

et - 5 o]
s : -~

Hooper et al, 2007

85
Line=ofssight displacement (mm)



Error Budget (2)

Optimum determination of Linear Deformation Rates

Permanent Scatterers  Short Baseline Subsets (SBAS) Simple Stacking

>

\

time time time

Perpendicular Baseline
<

For the determination of linear deformation rates, optimum errors
are determined through a connected network, since noise terms
are associated with individual acquisitions not interferograms.



Error Budget (2)

Optimum determination of Linear Deformation Rates

) * Error on linear rate is independent of how network
c . . .
SA is connected (but of course short-baseline, short-time
é':t; interferograms are best).
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Error Budget (2)

Optimum determination of Linear Deformation Rates

@ * Error on linear rate is independent of how network
= A is connected (but of course short-baseline, short-time
é':t; interferograms are best).

= * To simplify mathematics, assume all connections to
> date d1...

O

©

3

e_v

Q

(a1

time



Error Budget (2)

Optimum determination of Linear Deformation Rates

@ * Error on linear rate is independent of how network
= A is connected (but of course short-baseline, short-time
é':t; interferograms are best).

. * To simplify mathematics, assume all connections to
3 date d1...

"g ...and regular acquisition spacing, t,,

R

2

Q

(a1




Error Budget (2)

Optimum determination of Linear Deformation Rates

>

Perpendicular Baseline
<

* Error on linear rate is independent of how network
is connected (but of course short-baseline, short-time
interferograms are best).
* To simplify mathematics, assume all connections to
date d1...
...and regular acquisition spacing, t,
* We can determine the best-fit linear rate of phase
change due to deformation, 92 , using weighted
least squares: at
Engd—¢ =X 'P

dt

where T=1[t,,2t,, .. Nt ] ,P=[0,,, @5, - Pl andX'is the inverse of the variance-
covariance matrix for the range change observations, P.



Error Budget (2)

Optimum determination of Linear Deformation Rates

* Using the correct VCM, X, , is essential.
* In this particular network, all interferograms share a
common acquisition (epoch 1).

>

= Cov (@y;, ¢y;) = 012 (the variance on epoch 1)

<€

and Var (@,;) = 0'12 +O'i2

Perpendicular Baseline

= 20° (assuming noise is
> identical on all epochs)




Error Budget (2)

Optimum determination of Linear Deformation Rates

0905 Error oc (revisit time)°->
ALOS -, oc (mission length)1->
02| SR {
o
5 S |
LILJ 015 '5:1 . 11.e.
. * For a fixed length mission,
O . g yoar WSSO " eyt revisit time by 4 to halve
Q ugersAR Dk N :
o 0 O;entwb\;;;wynl """""""""" Envisat* the ||near rate error.
- o ission ! . s _te gt
1 mm/yr - "40 yearmissi * For a fixed revisit time,
0 — increase mission length by
0 10 20 30 40 50 60 70 80

90
Revisit Time (days) ~60% to halve the linear
rate error.



Error Budget (2)
Optimum determination of Linear Deformation Rates

Error for mission with 12-day repeat
(assuming correct 50% of atmosphere)

8100 $\~§ 0)<0‘°\ €—— Reaching the target
S ~ AN precision is tough!
- \\

(] 10 _| ’\' |

5 Nl

“— q)«\‘“ Everything so far has

o) Q- . .
LT I been for Line-of-sight

3 deformation

-

[

QCJ 01 T T T T | :

— 0 1.0 2.0 3.0

Duration of time series (years)



Combining Viewing Geometries

Surface
Displacements
of Strike Slip
Faults



Combining Viewing Geometries

Ascending Descending

N (@)

—lp

LOS disp. (m) | .

Bam, Earthquake, Iran, 2003. (Funning et al, 2006)



Combining Viewing Geometries

Descending .45 0 045 Ascendin
displacement (m)




Azimuth offsets

Ascending Descending

offset(m) 4| offset (m)




_ ~ Split beam into forward- and
MALI: Spllt Beam Processing packward- looking sections

to measure displacement in
flight direction.

=
O
—
O
L2F
Q
=
25D
L

< &

3m

\ .~

Accuracy depends on
coherence and SNR.

Hector Mine Earthquake, - -

Bechor and Zebker, 2006 =~ = lsm Up to 3 cm.




Determining 3D displacements

If the 3D displacement at a pixel is given by
u=[u,, u, u,], then...

Ascending interferogram, d; = los, e u
Descending interferogram, d, = lospe u
Ascending az. offsets, d; = los,p e U
Descending az. offsets, d, = lospp e U

Which can be rewritten as a matrix equation,
d = Lu, and solved for u.

See e.g. Wright, T.J, B. Parsons, Z. Lu., Geophys Res. Lett. 30(18), p.1974, 2003



Bam earthquake 3D displacements

East North

- I = ¥
- I.
.l - —— l I
0.3 h
0
03 . ‘

x disp. (m)

i !- ﬂ y disp. (m) L,-. %

c=0.01lm c=0.09m



Combining Viewing Geometries

Interferogram Azimuth Offsets

Descending

Ascending
los cm

Horizontal: <6 m
Vertical: £ 2 m..

. -

Afar Rift, Wright et al, Nature 2006
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~ Tibet Case Study

100
e — 2 S
o

e

. Largegaps iGPS d

ata
 Station spacing > 50 km







~ Tibet Case Study

10+1 mmiyr ||
gps fit —&




InSAR Rate Maps from PI-RATE
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InSAR Error Maps from PI-RATE
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How can we combine information from multiple
tracks, incidences, (satellites... etc) with GPS to
form best representation of surface velocities?

5 % ";";v“ 2\ o/ 0/
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Velocity Field Method

e.g. England and Molnar, JGR 2005

60+ L 60
700 .
7" 80" 90 100 110" 12)_A

. A0
70° . o \) A
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3p-

. #o. BN
s \\Ve extend the velocity field me
& incorporate InSAR data
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Velocity Field Method: Mesh and Interpolation

1
| I |
38 England & Molnar, 2005, JGR
o
A
° Altyn Tagh [
36 R ; 2 3
[24] We divide the surface of the region of interest into
LGC Faull spherical triangles and assume that within each triangle, the
sa°k % ~ : 1] velocity varies linearly with latitude and longitude across
"‘9@ the triangle. We may express the velocity in the interior of
"f% the triangle in terms of the velocities of its vertices:
K2 ;
U=% N,u,, (5)
a2t : =
. where u,, is the wvelocity of vertex m and N, are
~ interpolation functions:
30°k : ¥ N; = a; + b + ¢, (6)
— e, - o where ¢ 1s longitude and 8 1s latitude.
78 80 82

Wang and Wright, GRL 2012



Velocity Field Method: LS Solutions

Gsar Gorb
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Weighted LS solution:

M=(G"WG) 'G"™Wd

Weighting by full data covariances

Wang and Wright, GRL 2012
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From Vertices to Conti

Velocity Field

40+4 mm/yr

Wang and Wright, GRL 2012



Laplacian Smoothing: Over-smoothed
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Laplacian Smoothing: Little-smoothed
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Laplacian Smoothing: Best Solution
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Velocity & Strain Rate Field from GPS only
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Velocity & Strain Rate Field from GPS & InSAR

A 3 ' INSAR increases strain within plateau

way from major faults
Y WA g t*
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Wang and Wright, GRL 2012



Slip Rates Along the Karakoram Fault
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Limitation: Turbulent Atmosphere

Ground-based water vapour
measurement

Interferogram




Horizontal Distance
(km)

NH3D Model, Wadge 2002.
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Limitation: Seasonal Atmosphere
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Corrections 1: Linear/Smooth Velocity Assumption

1995-2000 displacement history
of individual permanent scatterer

(mm)
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Correction 2: GPS

Requires dense GPS network
Li et al, 2006

Before




Correction 3: MERIS (or MODIS)

Passive Optical/IR sensor on Envisat

Raw Interferogram Corrected
50°00| 50°30I 51 °00I 50000' _ 50030' 51 000'

35°00'

Requires: descending orbit , daytime and cloud free conditions.
Li et al, 2006



InSAR - MM5

Atmospheric
Correction 4:
Weather
Model.

3 km resolution

Reduces long-
wavelength
(>30 km)
effects but not
smaller scale
features.

Foster et al, 2006




Atmospheric Correction 4: Weather Model (2)

Jolivet et al., 2011
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Earthquakes

1. Coseismic Deformation

Current Capability

* Map deformation fields for most damaging
earthquakes.

* [dentify responsible faults

* Estimate slip models.

* Assess impact on future hazard .

What could be done?

* Routine analysis of ALL damaging earthquakes, c.f.
Harvard CMT.

* Real-time assessment of causative fault and likely
damage area.

* Near-real time assessment of future hazard
(aftershocks + triggered quakes).

Why are we not doing this already?
* Data.

* Method Development.

* Manpower.



Earthquakes

2. Interseismic Strain

Current Capability

* Measure interseismic strain rates on suitable,
targeted faults.

* Use these to constrain slip rate and hence assess
future hazard.

What could be done?

* Routine measurement of strain across whole
regions.

* Assessment of slip rates and relative hazard of
multiple faults (including unidentified faults).

2
Why are we not doing this already? 5 =
* Data. e '
* Method Development. o e
* Manpower. S . ';f:j_

Wang, Wright and Biggs., GRL 2009
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Volcanoes

1982

range displacement

year

14c¢cm

2001

Current Capability
* Time-series analysis for suitable, targeted volcanoes .
* Snapshot regional surveys.

* Integration with other data sets.

What could be done?

* Routine monitoring of ALL volcanoes worldwide (or
in a region).

* Target application of ground monitoring in countries
where resources are limited.

Why are we not doing this already?
* Data.

* Method Development.

* Manpower.
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.T he Future
.“lb 2

‘ Sentlnel 1 (ESA GI\/IE
 “Operational” C-band INSAR
« 12 day repeat, 2 satellites = 3 day revisit

» Funded for 20 years, Launch earli 2014 .
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