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Presentation Notes
. Each of these circles is an earthquake that has killed more than 10,000 people.
. 35 since 1900. 
. [click] 26 of these, including 4 in the 21st century, have been in the broad zone of continental deformation spanning from Italy to China – the Alpine-Himalayan Belt. 
. Most occurred on faults that had previously been unidentified or whose hazard underestimated.
. Although short-term earthquake prediction seems impossible, all earthquakes are preceded by the slow build up of tectonic strain.
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Need to know:
?
e Slip rate
» Size/date of previous earthquakes
* Locked or creeping (friction)

Q. When is the next big one*
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Need to know:
e Slip rate

. ) » Size/date of previous earthquakes
Geophysics: Satellite Geodesy, + Locked or creeping (friction)

Seismology, MT * Temperature
Geology

Q. When is the next big one?

* \Viscosity

A A \A o * Fluids, Composition...
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Outline

This Lecture: Using EO for tectonics
- Response
- Mitigation
- Science
Next Lecture: Using EO for volcanology
- Answering key questions in volcanology



Using EO to understand tectonic processes

100 years of deadly earthquakes

Figure from http://comet.nerc.ac.uk/ earthquake workshop report



http://comet.nerc.ac.uk/

Earthquakes that killed more than 10,000 people

1 every 3.3 years

2001 Bhuj 20,000
2003 Bam 31,000
2004 Sumatra 228,000
2005 Pakistan 86,000

Grey >10,000 dead
Red >50,000 dead

1 every 5 years

1 2008 Sichuan 88,000
2010 Haiti 326,000
2011 Tohoku 21,000

1 every 20 years

|

Slide courtesy James Jackson, Cambridge
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57000 per year (0.1% of all deaths). http://en.wikipedia.org/wiki/List_of_causes_of_death_by_rate
Cf Malaria 2.23% Cars 2.1% Aids 4.9% Heart Disease 13% 


31 December 2003,
M6.6 Bam (lran),
31,000 hves lost



31 December 2003,
M6.6 Bam (lran),
31,000 hves lost



8 October 2005,
M7.6 Pakistan,
86,000 hves lost
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Timescales of response
* Optical and radar imaging

TSUNAMI

1 second 1 minute 1 hour lday 1week 1month 1year

10° 10' 10%¢ 10® 104 10> 10® 107 108
Time after earthquake onset (seconds)



Timescales of response

3 This talk !

TSUNAMI

1 second 1 minute 1 hour lday 1week 1month 1year

10° 10' 10%¢ 10® 104 10> 10® 107 108
Time after earthquake onset (seconds)



The Bam earthquake — 26 December 2003

Main geomorphic
features of the
Bam area:

SRTM shaded
relief topography




The Bam area

Main geomorphic
features of the
Bam area:

LANDSAT-7 ETM
541 false colour
green=vegetation




The Bam area

Main geomorphic
features of the
Bam area:

1: Alluvial fans
from the Jebal
Barez mountains
to the SW

LANDSAT-7 ETM <
541 false colour
green=vegetation

> B> D> p




The Bam area

Main geomorphic
features of the
Bam area:

2: The Bam fault —
a prominent ridge
running between
Bam and Baravat

LANDSAT-7 ETM
541 false colour
green=vegetation

/




The Bam fault

Post-earthquake
field surveys
found only minor
cracking at the
foot of the ridge...




The Bam fault

...and fault
ruptures observed
in the north were
also minor

(< 5 cm offset)




The Bam fault ?

BUT...

More damage in
Bam than Baravat

Peak vertical
acceleration of —~1g
in central Bam

Very small surface
rupture on Bam fault

LANDSAT-7 ETM
541 false colour
green=vegetation

g




Preliminary INSAR data

Bam
Baravat

First Bam
interferogram
(each colour
cycle=2.8cm of
deformation)

Constructed from
Envisat ASAR
data released for
free by ESA

10 km




Preliminary INSAR data

There is a
prominent band of
incoherence
running S of Bam

First Bam
interferogram
(each colour
cycle=2.8cm of
deformation)

Constructed from
Envisat ASAR
data released for
free by ESA

Bam

vV VvV V

Baravat

10 km




The Bam earthquake main fault

Low coherence
indicates
vegetation and
surface damage

Interferometric

Q) — —,

coherence
Red = high
Blue = low

Constructed from
Envisat ASAR data
released for free
by ESA




The Bam earthquake main fault

RN

Surface rupture
found in the field
— right-lateral
offsets of ~20 cm




ASAR data for the Bam earthquake

SRTM shaded-
relief topography




Descending track interferogram

Track 120, beam mode 12, 03/12/2003 — 07/02/2004

Wrapped Unwrapped



Ascending track interferogram

Track 385, beam mode 12, 16/11/2003 — 25/01/2004

Wrapped Unwrapped



Azimuth offsets

Ascending Descending



Determining 3D displacements

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

Ascending interferogram, d, = los, = u
Descending interferogram, d, = losye= u
Ascending az. offsets, d; = los,o = U
Descending az. offsets, d, = lospo = 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 Up

c=0.01m c=0.09m c=0.01m



Variable slip model

Main fault, M; = 9.1 x 1018 Nm




Variable slip model

Main fault, My = 9.1 x 10 Nm
Secondary fault, My = 1.6 x 10 Nm




On 25 April 2015, a large earthquake of Mw 7.8
struck in central Nepal. This video shows the
motion of a GPS station versus people's reactions
in Kathmandu. You see the arrival of the
earthquake and then the back and forth motion
as the seismic waves slosh back and forth
across the basin of sediments that underlie the city.



Initial location and magnitude comes rapidly from seismology...



Initial location and magnitude comes rapidly from seismology...

vl EQ + 19 minutes
v2 EQ + 52 minutes
v3 EQ + 83 minutes
v4 EQ + 2 hours

v5 EQ + 4 hours

vb EQ + 15 hours

Thanks to Richard
Briggs, Gavin Hayes,
Bill Barnhard, USGS
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Note that they don’t keep the shakemaps online.


M7.8 - 36km E of Khudi, Nepal USGS PAGER Alert

2015-04-25 06:11:25 UTC 28.231°N 84.731°E 8.2 km depth
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Sentinel-1 Constellation Facts

1A launched 3 April 2014

1B launched 22 April 2016

15t EU “Copernicus” satellite
C-band radar, 12 day repeat

* Duty cycle, up to 25 mins/orbit
e 20 vyear operational mission




The Sentinel-1 standard mode is
“Interferometric Wide Swath”: IWS/TOPS

(Terrain Observation with Progressive Scans)
|

Copernicus data (2014)/ESA/DLR Microwave and Radar Institute—SEOM Insarap study



Why is Sentinel-1
a game changer?

Sentinel-1

1. Systematic acquisitions for
tectonics and volcanoes: “INnSAR
everywhere all the time”

Other SAR mission archives

Haphazard acquisitions (multiple
modes, no unified strategy)

2. TOPS: 250 km x 1000+ km:
Continental scale INSAR

Small areas imaged, usually less
than 100 km swaths.

3. Small perpendicular baselines,
acquisitions every 6/12/24 days,
ascending and descending -> high
coherence

Typically large perpendicular
baselines and long gaps between
acquisitions -> poor coherence

4. 20 year operational program,
designed for INSAR

Stand-alone missions not designed
for INSAR

5. Free, full and open data policy,
enables mass processing.

Restricted data access, often
commercial pricing



Presenter
Presentation Notes
Words here:
Preaching the converted. But worth emphasising why tectonic and volcano geodesists are so excited about the Sentinel-1 constellation.
Structured the talk around these strengths. Will give early examples that demonstrate the promise and potential in each of these categories


This was ~3 hours after ESA posted the data on scihub
(~9 hours from acquisition)



Preliminary inspection of Sentinel-1
interferogram told us vital things
about the earthquake instantly.

[6 points posted at ~10.35 am on 29
April]

The fact that we have a near-
guaranteed response, and we can
respond quickly, is a huge benefit from
Sentinel-1.

@NERC_COMET
@timwright_leeds
@EwWFProject






Tidied up, unwrapped S1 interferograms

Elliott et al., Nature Geoscience 2016

Area around Kathmandu moved
towards satellite by over 1 m



Conclusion — the earthquake was smaller than

expected and much of the locked area has not failed.
Bigger earthquakes are likely in the future.

Rapid and accurate scientific response: fundamental
results at 4 days unchanged 4 months after earthquake

Elliott et al., Nature Geoscience 2016




Initial location and magnitude comes rapidly from seismology...

vl EQ + 19 minutes
v2 EQ + 52 minutes
v3 EQ + 83 minutes
v4 EQ + 2 hours

v5 EQ + 4 hours

vb EQ + 15 hours

Thanks to Richard
Briggs, Gavin Hayes,
Bill Barnhard, USGS
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Initial location and magnitude comes rapidly from seismology...

vl EQ + 19 minutes
v2 EQ + 52 minutes
v3 EQ + 83 minutes
v4 EQ + 2 hours

v5 EQ + 4 hours

vb EQ + 15 hours
v7 EQ + 10 days

Incorporating satellite deformation data changes the
predictions of ground shaking. Sentinel-1 can provide
the results that allow this to be done routinely.

Thanks to Richard
Briggs, Gavin Hayes,
Bill Barnhard, USGS



Media obsessed about whether Everest went up or down!

Dull answer: from InSAR we can only say it hasn’t moved much
(The shrinking story came from a very early model based on GPS)



Mitigation?

100 years of deadly earthquakes

Figure from http://comet.nerc.ac.uk/ earthquake workshop report



http://comet.nerc.ac.uk/

ldentifying previously unknown faults with high-
resolutlon |magery and‘D_EMs

;:_.;.;Lepsy fauit Kazakhstan (SRT]VI 90 m)
(Campbell et aI "‘JGR 2015)f’*-'\«* -

10 m

f

17711| Single event? Length 100 km, slip 10 m .....Magnitude 8.0
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The way you introduced this before was good… one of the reviewers queried whether any faults that remained unknown etc.
I don’t think you need the first slide. Justification is that we recognise hazard associated with faults slipping at < 1mm/yr.
Lepsy fault


The earthquake cycle

<— Interseismic Coseismic

— mm/yr to cm/yr

tens of cm to metres
in a few seconds

* Although they cannot be predicted, earthquakes are usually
preceded by the slow build up of tectonic strain.

Repeated geodetic measurements can be combined to measure
surface displacements at the mm level over large areas.



Tectonic Strain & Seismic Hazard
T

Quake rate Strain rate

Wasatch '

‘ fault

Western
United States

a-value 2nd invariant (nanostrain/yr)

:l).l] 05 10 L5 20 25 3.0 35 40 50 : i W _i' 2 6 14 30 72 136 264 520 10323600 ] ! \ '__
Gutenberg-Richter a-value from declustered 2000-2011 GPS velocities used by Kreemer et al
ANSS catalog (Arnaud Mignan, ETH Zurich) for the GEM Strain Rate Model

Figure from Corné Kreemer/Ross Stein/GEM



Accuracy Requirements and Earthquake Hazard

Cumulative percentage
of earthquake deaths

TMagnitude of tectonic strain (x107 /yr)

96% of all earthquake deaths are in regions with strain
rates greater than 1mm/yr over 100 km (10-8/yr)

7% of fatalities occur where deformation rates are

< 5 mm/yr over 100 km.


Presenter
Presentation Notes
This graph shows the relationship between the number of casualties in earthquakes and the magnitude of tectonic strain, as estimated from the existing low-resolution global model. 
The cumulative histogram in grey shows 96% of all earthquake deaths occur in regions that are straining at rates above 1.2 x 10-8 yr-1 (1mm/yr over 100 km). 77% of deadly earthquakes occur where deformation rates are less than 5 mm/yr. 



Achieving 1 mm/yr accuracy

mm/yr

-5

Wang, Wright et al, 2008
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Although much of this is already developed, considerable effort required in making this automatic for sentinel-1
[Could replace the figure with an alternative… colours weren’t clear in your Ashkabad example. Possibly red/green not good here either, but hey)
I propose cutting the slides on atmosphere and orbits all together – leave for questions?
But say “We will produce 1 cm orbits for Sentinel-1, which will effectively eliminate long-wavelength errors from the orbits”
“We will use data from weather models to correct atmospheric path delays – this will remove 50%+ of the noise”


Combining Multiple Acquisitions to determine time
series and/or linear deformation rates

Permanent Scatterers  Short Baseline Subsets (SBAS) Simple Stacking
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Errors are minimised with a connected network, since noise terms
are associated with individual acquisitions not interferograms.




Length scale of observation (km)

o
=

Achieving 1 mm/yr accuracy

mm/yr

1 2 3 4 5

Duration of time series (years)

Wang, Wright et al, 2008



Example: Strain mapping in E. Turkey




Using INSAR to Map Strain in Eastern Turkey

Work described in Walters et al., JGR 2014; Methods in Wang and Wright, GRL 2012



Figure from ESA

In COMET, we plan to use Sentinel-1 data acquired over the next
5 years to build a high resolution global map of tectonic strain.


Presenter
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Also spare avaialble if launch fails. Second


How much better than existing missions?

Envisat Data, 70 Day Repeat, 7 years data

40% of areas
straining above
108 yrt

Sentinel-1A Data, 12 Day Repeat, 5 years data

80% of areas
straining above
108 yr1[90 %
with two

- satellites]

Wright et al., Fringe 2011



A few science questions...



Are short-term strain observations meaningful?

Yo/

Weak
7o = 0.01

Strong TO = 1 /

Yamasaki, Wright and Houseman (JGR 2014)



How do faults link and grow?

Vertical movement in Afar
between October 2009 and
November 2012.

Barbara Hofmann PhD
thesis (2014)



What controls the distribution of strain

(and earthquakes) in the continents?

Tour Guide

Data from http://gsrm2.unavco.org



# 12 January 2010
8 M7.0 Haiti, =
{316,000 lives lost hi"

How can we make sure that deC|S|on makers and
C|t|zens are weII mformed about hazard?
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http://ewf.nerc.ac.uk/ twitter: @ewfProject



http://ewf.nerc.ac.uk/

http://ewf.nerc.ac.uk/ twitter: @ewfProject



http://ewf.nerc.ac.uk/
http://ewf.nerc.ac.uk/

Law on the Regeneration of Areas Under Disaster Risk (2012):

 all buildings that are not up to current earthquake risk
standards will be demolished.

* 6.5 million high risk houses will be rebuilt over the next two
decades.


Presenter
Presentation Notes
 For example, in 2012 the Turkish government passed the Law on the Regeneration of Areas Under Disaster Risk. Under these new guidelines all buildings that are not up to current earthquake risk standards will be demolished and rebuilt. As a result 6.5 million high risk houses will be demolished over the next two decade


Part 2: Using EO for volcanology

Lu et al., USGS



What do volcanologists want to know?

Q1 Where is the magma?

Q2 Has a volcano erupted?

Q3 How much has erupted?

Q4 What will happen next?

Q5 What is the probability of a volcano erupting?

EO data critical in answering these questions



Q1 Where is the magma?



A simple volcanic system
1. Charging the system




A simple volcanic system
2. Discharging the system
(a. eruptions)

_,+b_



A simple volcanic system
2. Discharging the system
(b. intrusions)

el




Yy
tor
rva
bse

0

o)

Ican

ii Vo

i

d, Hawa

land,

Po

ike

Mi

Sy

rte

S Cou

2USG






Hooper et

4
5
S
H O
T >
C
S ©
mN
oo -
v ©

Opening (m) Scaled energy difference

(unj) yydaq

64.8°N
64.7°N |
64.6° N

17.0°W

17.2°wW

17.6°W




Q2 Has a volcano erupted



MODIS Thermal Hotspot Alerts

Method: Robert Wright et al., 2004 http://modis.higp.hawaii.edu/



From absorption spectra in the UV



|ASI (Infrared):
e.g. Sears et al., JGR 2013



Bardabunga lava from Landsat 8



Q3 How much has erupted?



Q4 What will happen next?



Eyjafjallajokull
2010

—

NASA ALl (EO-1)

E—

Sigmundsson et al., Nature 2010



Eyjafjallajokull
2010

Sigmundsson et al., Nature 2010



Paul Segall, Stanford



Actual eruption end date: 27 February 2015



Q5 What is the probability of a volcano

erupting?



* 1500 volcanoes erupted in last 12000 years

e 700 known eruptions in historical times

* 100 episodes of volcanic unrest each year

* ~50 eruptions each year

e <10% of Active Volcanoes are monitored on an
ongoing basis

[Ph. Bally Ed. (2012), Scientific and Technical Memorandum of The International

Forum on Satellite EO and Geohazards, 21-23 May 2012, Santorini Greece.
doi:10.5270/esa-geo-hzrd-2012]



Can systematic deformation
observations help?

Biggs et al., Nature Communications 2014



Reminder of Take Home Messages

@timwright_leeds
@NERC_COMET
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