Physical Processes Behind Geodetic Deformation

Adriano Gualandi

A
) o=
UNIVERSITY OF INGV
CAMBRIDGE
ICTP Trieste

Workshop on

mgal

serc.carleton.edu/ Mechanics of the Earthquake Cycle

23 Oct 2023




Geodesy Geodesy & seismic cycle Other sources of deformation Conclusions

What Is Geodesy ?

Geodesy:

from “yewoaicia” (anc. Greek) or “geodaisia” meaning “division of the Earth”

gravity anomaly
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What Is Geodesy ?

Geodesy:

is the science of measuring the[mass distribution}shape, and spatial orientation of the Earth

gravity anomaly
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Gravity Measures

decades of satellite tracking

gravity anomaly

mgal
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Absolute Gravity
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Relative Gravity

Gravimeter

www.ucl.ac.uk/
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Gravity Anomaly

Gravity Recovery and Climate Experiment
(GRACE & GRACE-FO)
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Gravity Anomaly

10 yr of GRACE
4 yr of GOCE Gravity Field and Steady-State Ocean Circulation Explorer
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What Is Geodesy ?

Geodesy:
s the science of measuring the mass distribution|shape,jand spatial orientation of the Earth

Theodolite Invar stadia rod

Enea Gualandi

Sante Sassi
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Triangulation
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Triangulation

A. Gualandi . Physical processes behind geodetic deformation



Geodesy

Triangulation

Geodesy & seismic cycle

Other sources of deformation

Conclusions

XxX=asina
= acosa

o
I

X
— =tana
Ca

X

tan o

A. Gualandi

Physical processes behind geodetic deformation




Geodesy Geodesy & seismic cycle Other sources of deformation Conclusions

Triangulation
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Trilateration

Prism

Total station

]

|
)
]
3
3
)

Elisabetta Ferrario

Leonardo Gualandi

Physical processes behind geodetic deformation

A. Gualandi



Geodesy Geodesy & seismic cycle Other sources of deformation Conclusions

Trilateration
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Global Navigation Satellite System
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What Is Geodesy ?

Geodesy:

is the science of measuring the mass distribution, shape, and[spatial orientation]ofthe Earth

north celestial pole

http://www.siranah.de
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How To Apply Geodesy To Study Earthquakes ?
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How To Apply Geodesy To Study Earthquakes ?
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Strain Polygon

Other sources of deformation Conclusions

Trilateration network along San Andreas fault surveyed annually

,— 37°30'

Savage and Prescott, 1973, JGR

3mm<oc<8 mm
for

]l km <L <37 km

with corrections for
atmospheric refractivity
(aircraft measures of T
and p)
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Displacement Time Series
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Big Data

http://geodesy.unredu/
abibiaie : Blewitt et al, 2018, Eos
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Displacement Time Series
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Velocity Field

ITRF2014 horizontal velocity field

7 Zuheir Altamimi
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Velocity Field
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Vertical
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Serpelloni et al, 2022, Front. Earth Sci.

A. Gualandi 2 Physical processes behind geodetic deformation



Geodesy Other sources of deformation Conclusions

Strain Rate Field

Serpelloni et al, 2022, Front. Earth Sci.
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Coupling Map
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=

Coupling Map

d data (e.g, surface velocities)
d = g(m)

g( - ) physical relation between model
parameters and data (e.g,, Okada
Green'’s functions)

m model parameters (e.g, fault slip rate)
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s

Coupling Map

Vloading = Vhor convergence
(.e., no plate anelastic
internal deformation)

_ Vdeficit
Alinterseismic —
Vloading

Vdeficit = Vioading — Vfault
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Coupling Map
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Geodesy
Coupling Map
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Coupling Map
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Offsets

Geodesy & seismic cycle

Other sources of deformation Conclusions

What can generate an offset ?
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Offsets

VWhat can generate an offset ¢

Farthquakes Antenna change / firmware update

o RN

Photo by G.K Gilbert

1906 San Francisco: ~ 3 m
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Static Inverse Problem
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Dynamic Effects
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High-Rate Displacement
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High-Rate Strain
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Sensitivity
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Synthetic Aperture Radar (SAR)

Other sources of deformation Conclusions

comet.nerc.ac.uk

Spatial resolution depends on 7

A sensor wavelength

L length of the sensor's antenna

fA~5cm = L~425km

to get a spatial resolution of ~ 10 m

www.earthdata.nasa.gov/

A. Gualandi
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Synthetic Aperture Radar (SAR)

Other sources of deformation Conclusions

Spatial resolution depends on T

A sensor wavelength

L length of the sensor's antenna

fA~5cm = L~4.25km

to get a spatial resolution of ~ 10 m

www.earthdata.nasa.gov/

A. Gualandi
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Wavelengths

Band | Frequency Wavelength Typical Application

Ka 27-40 GHz 1.1-0.8 cm Rarely used for SAR (airport surveillance)

K 18-27 GHz 1.7-1.1 cm rarely used (H,0O absorption)

Ku 12-18 GHz 2.4-1.7cm rarely used for SAR (satellite altimetry)

X 8-12 GHz 3.8-2.4cm High resolution SAR (urban monitoring,; ice and snow, little penetration into vegetation

cover; fast coherence decay in vegetated areas)

C 4-8 GHz 7.5-3.8 cm SAR Workhorse (global mapping; change detection; monitoring of areas with low to
moderate penetration; higher coherence); ice, ocean maritime navigation

S 2-4 GHz 15-7.5cm Little but increasing use for SAR-based Earth observation; agriculture monitoring (NISAR will
carry an S-band channel; expends C-band applications to higher vegetation density)

L 1-2 GHz 30-15cm Medium resolution SAR (geophysical monitoring; biomass and vegetation mapping; high
penetration, INSAR)

P 0.3-1 GHz 100-30 cm Biomass. First p-band spaceborne SAR will be launched ~2020; vegetation mapping and
assessment. Experimental SAR.

www.earthdata.nasa.gov/

A. Gualandi 2 Physical processes behind geodetic deformation
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Interferometric SAR (INSAR)

INSAR: How it works

Pass 1: pre-movement Pass 2: post-movement

phase=¢z

phase shift due to
ground motion

comet.nerc.ac.uk
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Line of Sight (LOS)
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INSAR and Earthquakes
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Velocity Field

A. Gualandi

Mean velocity
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Velocity Field

PS: 1¢Saj000SDB coher.: 0.8 vel.: -19.7 v_stdev.: 0.4

-

Envisat descending (2003-2010)
Costantini et al, 2017, Remote Sensing of Environment
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Photogrammetry
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Daily GNSS Position Time Series

What can generate post-seismic deformation ¢

Displacement (mm)

2008 2012 2016
Time (yr)

Michel et al., 2019a, PAGEOPH
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Post-Seismic Deformation

Other sources of deformation Conclusions
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Afterslip
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Afterslip

intraplate
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Fault Heterogenerties

Other sources of deformation Conclusions
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Fault Heterogenerties
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Accretionary Wedge

Overriding Plate

.............

.......

Conditionally
Stable

Seismic

Repeaters

Slow slip/Tremor

Lay et al, 2012, JGR.
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Friction Law
; V
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Lay et al, 2012, JGR.

Huang and Turcotte,
1990, Nature
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Friction Law
dv
. m— = Z 7, = 1, +7,— 15 +A1(2)
by —> /
ki
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Huang and Turcotte,
1990, Nature

Perfettini and Avouac, 2004a, JGR
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Friction Law
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Viscoelastic Mantle

P-WAVE VELOCITIES:

EXPLANATION

\J Seismograph station

P wave path
S-wave path

(Ray-path timing is simplified]
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Viscoelastic Mantle

s

crust

At k
o(t) = Vol + 7 Il —exp| ——t1 "/W\/\/_[— mantle
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Afterslip vs Viscoelastic Relaxation
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Daily GNSS Position Time Series

What can generate oscillations ¢

Displacement (mm)

2008 2012 2016

Michel et al., 2019a, PAGEOPH
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Thermal Dilation

competent layer

Tsai, 2011, JGR
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Hydrological Load

Loading Season Unloading Season

vy U0

GPS station Seasonal displacements
—> —> —>
A Surface load  Horizontal Vertical

Bettinelli et al,, 2008, EPSL
Chanard et al,, 2015, JGR
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Hydrological Load
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Aquifer Depletion

PS: 1¢Saj000SDB coher.: 0.8 vel.: -19.7 v_stdev.: 0.4

-

Envisat descending (2003-2010)
Costantini et al, 2017, Remote Sensing of Environment
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Aquifer Depletion

Time (yr)
2016 2017 2018 2019

Black contour: lines of equal

subsidence in feet

from 1926 to 1970 from T
Poland et al. (1975) "';ﬂ':‘ 60 mm
7

36° -60 =30 0 30 60 4 t

LOS (mm)

239° 2407 Gualandi and Liu, 2021, JGR
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Pore Pressure Variations
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Jénsson et al., 2003, Nature
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Daily GNSS Position Time Series

What other signals can affect our measurements !

2008 2012 2016

Michel et al., 2019a, PAGEOPH
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Other sources of deformation

Geodesy & seismic cycle

Geodesy

Tides

e ‘ First-quarter Moon
4 I /— Lunar tide
/- Solar tide
) Sun

Earth

N
‘ Third-quarter Moon

Full Moon

Solar tide

Lunar tide

Rubenstein et al., 2008, Science
Hawthorne and Rubin, 2010, JGR
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Strainmeter Calibration
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Daily GNSS Position Time Series

2008 2012 2016

Michel et al., 2019a, PAGEOPH
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Slow Slip Events
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Slow Slip Events

103° W 102° W 101°W 100° W 99° W 98° W

18°N

17°N

Gualandi et al., 2017b, GRL

A. Gualandi /3 Physical processes behind geodetic deformation



Geodesy Geodesy & seismic cycle Other sources of deformation Conclusions

Volcanic Deformation: GNSS

www.iris.edu/earthquake
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Volcanic Deformation: Tiltmeters

www.iris.edu/earthquake
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Volcanic Deformation: INSAR

What does the rainbow pattern west of the

A. Gualandi /6 Physical processes behind geodetic deformation
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Volcanic Deformation: INSAR

EXPLANATION

o Uplift: Red, orange yellow, green, blue, etc.
pattern from outside to center

Subsidence: Red, orange yellow, green, etc.
pattern from center to outside
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Errors

-Ephemris (orbital) error
-Selective availability

-Clock error @

» -y .
~ -Geometric effects

C ey

-lonospheric delay
-Tropospheric delay

lgngsphere20~150km

-Clock error
@ -Multipath error
-System noise

-Antenna phase center variations

Jeong et al., 2007, J. Astron. Space Sci.
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Conclusions

Geodetic observations are very useful to study the seismic cycle...

and much more !
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