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Kinematic GPS

GPS absolute clisplacement seismograms — Love wave of
2004 M9.0, Sumatra-Andaman earthquake in
Portage\/i“q AR.

Weighted PTGV stack versus PVMO and residual
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—— PVMO
Stack
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Kinematic GPS

Diterential — difference in Position between two GPS
antéﬂﬂ85J one assumCCl (CFiXCd)J. (RHEP methoc!salsoexist, but are less Prccise)

E—W Displacement (cm)
Broadband

E—W Displacement (cm)
HRGPS

W Displacement (cm)
HRGPS with Sidereal Filtering
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Davis and S,mallcg, 2009
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Sumatra—Andaman Love Wave in Broadband and HRGPS Data

ifferential

Differential Displacements FVM~-PVMO versus Differential Disglacements ~(MACC-PTGV)

J
11000

E—W Differential Displacement, December 26, 2004
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Displacment (cm)

How to get absolute displacements’?

FAIR

Most Popular way to have
one of the two sites outside
the regjon with
displacements (site is
“fixed”) — discovered GPS

recorcled surFace waves at

few thousand km.

-35 - GOLD

econds
Larson et al, 2005



Does not WOF‘( FOT' SUFFBCC waves ‘:rom T'CB”H blg

earthquakes with Iong duration sur

-ace wave trains

can’t find “fixed” site.

(Fixed site has to be able to see common set satellites
with kinematic site — since is differential.

The |onger the baseline the fewer satellites are in
common and the worse the overall location eometrg.
The signal may be of Ionger duration than the time it
takes ér the waves to travel from the kinematic to the

fixed site.)




Calculate differential clisplacement seismograms for |arge
number sites in central North America — using “fixed” site
in central North America.

x10* With Common Mode
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this display) are not
absolute
seismograms.

HRGPS Stack (PTGV + CMN)
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Note ditference between micldle and bottom traces — tlne

E—W Displacement (cm)
HRGPS Broadband

E—W Displacement (cm)

E—W Displacement (cm)
HRGPS with Sidereal Filtering

bottom one has been siclerea”g filtered.

Sumatra—Andaman Love Wave in Broadband and HRGPS Data
Differential Displacements FVM—-PVMO versus Differential Disglacements —~(MACC-PTGV)

E—W Differential Displacement, December 26, 2004
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DiHerential seismograms Plotted as surface.

NOW iS ClOCS ﬂOt q u itC lOO‘( i right” (eg, - vertical lines, no “move-out”)
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Bottom trace is sum of differential seismograms
(ﬁxechinematic). This is an estimate of the
absolute clisplacement of the “fixed” site — the
kinematic sites “cancel” out.

th (km)

(Assume
kinematic
sites random
with resPect
to one
another)

along raypa

|
00000

Davis and Sma"eg, 2009



Subtracting the estimate of the absolute displacement
time series of the fixed site (bottom traceg)grom the

kinematic sites differential traces results in absolute
clisplacement time series for the kinematic sites.

Without Common Mode
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Absolute seismograms Plottecl as sumcace.
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Can also see b array Processin (beam steering. Peaks
show azimut%\ and slowness o;'g Plane waves crossing
array. Peak in center (Jeft) is infinite aPParent velocitg
Plane wave (evergone cloing same thing at same time —
the “fixed site”) : the other Peak is the surface wave.

After removing fixed site can seejust the surface wave.
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Davis and Sma”eg, 2009



Now use beam steeri

Peﬁo&san&

I

L

Qgto measure slowness at digerent
etermine clisl:)ersion curve.

IRGPS vs Broadband for Sumatra 12/26/2004
ove wave dispersion for Central North America
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James is working on this for his thesis.

Further imProvements to estimating HRGPS time series.
Additional applications (gracliometrg).



More Hi-Rate GPS from “L ARGE?’ earthcluake.



Hig|1~Rate GPS Seismograms from the 27 Feb. 2010, M=8.8, Maule Chile
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Absolute displaccmcnt,
band Passccl (125-250
filter for sPcrion and
gracliometrg (“array”
where wavclength>>

sPacing) I
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Three compone’c
HRGPS clisplacement
sesimograms (660)
and USArray
clisplacement
seismograms (400)

% NET o (flotteg? (sorted ]:)9
S istance, not record

section).

Seismic stations (red
and blue) and GPS
stations (9e“ow).

Davis and Smalleg 7



Cansee S (on
transverse),

't Shear couplecl P, (on
' Radial and Vertxcal

| ove (on transverse)

and

— Raglegh (on Radial
Kt Vcrtlcal)

waves.

Davis and Sma||e3 2



What is Shear (or S) couplecl P, 7

“| » stands for Leakg (origina”y stood for Long Periocl,
lucked out again).

S apparent Veloc:itﬂ same as P, Velocitg.

-
f e Teleseismic S enters crust,
“"// : converts to P, which is trapl:)ecl
ol /i (supercritical), but when P
| - reflects off Moho (total internal

\\ ~ reflecti on) some converts to S
s ~_,PL \\\\ and “leaks” out.
/ N f/\/ >;\PL Pulliam et al., 2008 after Baag and Langston, 1985, after

— S ‘ Chander et al., 1968, after Oliver, 1961.
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“Chatter” due to
difference between
crustal structure of

Basin and Range (red
slow), and Rock
mountains vs stable
craton in eastern
North America.

Davis and Smalleg '
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How does PhaSG match Filtering WOork?



James is working on this for his thesis.

Further imProvemcnts to cstimating HRGPS time series.
Additional applications (gracliometrg) :



Remote sensing with GPS.

Exploiting the noise in GPS data.



Mults Path

Multipath g’;eﬂectecl signals) is iml:)ortant (and
doesn’t ditference out). Looks like eartlﬁc]uake’?

North Component / if you are not a

)74 sc;smologist

-4 | L IPSAP

0 50 100 150 200

From Larson minutes



Multipath lustration

ﬁ GPS satellite

| GPS antenna

From l’:ttP: Y 4 www.gmat.unsw.ccﬂu.au/ snaP/ gps/ gPs_survcy/ cl‘napé /6212 htm



Multipath

iunreﬂected .
signals .

-

reflected signals:

ht’cpz/ /www.kowoma.clc/cn/gps/crrors.htm

50



MultiPath cxample

bl



Seismic example — MUlﬁPath
See two peaks in N

beamtorm. 310° 340
(This is actua”g from sgnthetic
test data, not actual seismic data. /‘ 6
Simulating situation similar to a 4
below.) 0
AN

-0.045 0

Capon 1970

0045



But look at da{ before or after — looks the same.

Multipath looks same from clag to clag —dueto
orbits repeating (si&eriallg), generating same
remqections, dag to clag.

AZRY North

Day 1

31 Day 2

0 50 100 150 200

From Larson minutes



How multipath affects Pseuclorange estimation

(a) | (b)
|
Positive range error —e- | — | Negative range error —e —
© | = o 3 —~—
= -l s N = o o
. Bandwidth=2 MHz ~ ~ s, g Bandwidth =2 MHz /. — « \/,
- t 0 Ny A %
s TN c ("
% a 097/ A % ’% - “
= AR = P4 i S
g W — \~ S %\
° 32 S 2 0 e S— 2 e
0‘\ P N S
‘.g / %ﬁo’ ~ é |l ~~ 00/70’ “~ = - o
Actual direct path delay — . i Actual direct path delay _—l = e
i l
. i ; L i I i . | ; I : ;
-600 -300 0 300 600 -600 -300 0 300 600
Relative propagation delay (meters) Relative propagation delay (meters)

Figure 2. (a) Positive range error caused by an in-phase secondary signal path. The positive slope of the secondary path cross-
correlation function shifts the peak of the direct path cross-correlation function to the right, as shown by the resultant curve.
(b) Negative range error occurs when the secondary path is out of phase with the direct path.

GPS World, Innovation, Apr o8



So the trick is to calculate the GPS displacement
time series from the clag before or after and
subtract from the ay with the cartlﬁquakc.

Have to shift by the 4 minutes due to the
“almost” part of the 224/ clag GPS orbit (2x per
siclereaf)clag, 4 min shortér than solar clag).

AZRY North

0 50 100 150 200

From Larson minutes



This is called Sidereal Filtering and it removes
much O]C tl’lé multlpatlﬁ.

But it Glel:)encls on the refection environment
remaining the same (no rain, snow, movement of
ncarbg objects such as Parked Vehiclcs) etc.)

It also depen&s on getting the time shift right.
Moditication is to cross correlate between the
two clays to get a better time shift (each
satellite’s orbitis nomina”g 4 minutes short —
but theg vary incliviclua”g, which effects the

locations, etc.).
This is called “moditied sidereal ﬁltering”



Sometimes done with average of a few daysj but
this low pass Hiters the sidereal filter time
series.

Aclvantage — dor’t need a sigﬂal in the GPS data
— can estimate multipath.

Multipath (aPProximatelg) stationary for a few
cﬂags (When reflection environment stags same).



Multipath Mi’tigation through antenna clesign.

— e
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/NI Directional
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\ I LA irection of "main’
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Radiation pattern from http: //en .wikipcclia.org/ wiki/ Antenna_%ZSraclio%Zﬂ 8



Multipath Mitigation through antenna design.




Multipatln Mitigation througl”x antenna clesign.

Choke ring

antennas

Figure 11. Direct and reflected signals orientation with respect to the
antenna.



Multipath Mitigation through antenna design.

I o Some sort Printed
- circuit board.



Resistivity [ohmsisq]

48 888838

Realstivity ve Poaition

05

ventional GPS Antenna
gn Patch Antenna Element

le Antenna Feed

171 L1 Element
[.2 Element
o © | 1. Phase Center

o1 T N Feed Points

! corsumes multipath signak

are shown in red.




Multipatln Mitigation througl”x antenna clesign.

GROUND PLANES AND
MULTIPATH SIGNALS

* Signals striking at shallow angles
attempt to create surface waves

¢ Signals from below the horizon
must be eliminated

1) Choke Ring weakens multipath signals 2) Zephyr Geodetlc 2 corsumes multipath signak

Desirable signals are shown in green; undesirable signals are shown in red.

Resistive ground Planc—:.

Reelstivity ve Poeition
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Multipatln Mitigation througl”x antenna clesign.

n: V4% cn

—

Add microwave
absorbers




Multipatln Mitigation througlﬂ antenna clcsign.

The Porcul:)ine antennal?



AtmosPheric effects

'Empty space |

Disturbed propagationA
Ionosphere

‘Troposphere |




lonosphere
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stratosphere

———————————————————
troposphere

httP://wwwigPsg‘mit,e&u/”tah



lonosphere Effects on GPS

SCINTILLATION
Small-scale imegulanities

in eledron densty cause
cyde slippage or loss of lock

The ionosPherc is defined as the rcgion of the
upper atmosphere where radio signal roPagation
IS aﬁected 139 chargcd Partici:s.



lonosphcric Effects...

008 Nov 03 2035 UTC (2008

. Space ‘weather’ can effect the speecl of GPS signal, and thus the accuracy
of the location estimate of the receivers

Solar ﬂarcs, coronal holes, etc. Proclucing

strong geomagnctic storms
e Measured in Total Electron Content (TEQ)
of the lonosphere

See http:/ /terral.spacenvironmcnt.net/ %7Eionops/currcnt Files/Google TEC.kml
Real ime (10 min) TEC on Goog/c Earth, Bluczgood, Red = Bad

r Degraclation O{: GPS |ocations (morc electrons = delag of signal)

. E:specia"g in the mid-latitudes — and can be highly variable
 Insevere cases, can Prevent Satellite fix entirelg
 GPSreceivers attempt to correct for effects

«  Can also use GPS error to measure lonosphere (TEQ)

GPS_intro.PPt from Huxleg Co”egc
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GPS Satellites 1. ¢GHZ = g

20200km 1000km 8 - GPS Receiver
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Tsugawa, 2006
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Plane wave

lonospheric -
Irreqularities CT» @ )

Diffracted /‘_\’_\__—
Wave

Dgrucl &t al.) D @OR



IONOSPH

ORI

I AN

Measured range gjven bg s=nds

nis the refractive index
ds is the Path that the signal takes

The Path clelay s gjven bg

AP“

IONO ~ _,(405/{:7-) SN@ CISO 2 --405/](2 adl

A oo = (40.3/8) SN, dsy = 40.5/F2 TEC
Where TEC = SN_ ds,, is the total electron content



JIONOSPHERIC DELAY

Still need to know TEC
Can either

Measure using observations

Estimate using models

Note that with data on 2 Frequencies,
estimates 01(: tlnc un‘mowns can be maclc



LATITUDINAL VARIATION OF THE IONOSPHERE A CONCERN AT LOW
AND MID LATITUDES

Locations where some
detailed ionospl'leric

Date: 10/27/2003 Global lonospheric TEC Map cffects are assessed
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Pi, 2006



TEC REDUCES SIGNIFICANTLY IN LOW SOLAR ACTIVITY YEARS

Date: 08/06/2006
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W
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Global lonospheric TEC Map

Local Time [hours]

JPL
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UT = 22:00-22:15

¢

Suborbital
& slant Path
(45°) are

considered

In low solar activit%%cars (e.g,, 2006)

can be a factor ot% smal
and the Faraclag rotation

réeauced

Pi, 2006
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THE SOL AR CYCLE PHASE OF THE TARGET LAUNCH YEAR

Daily 10.7 cm Solar Radio Flux [10 2 watts/m?/Hz]

Pi, 2006
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lonosplﬂeric SPatial Structures cluring Storms

Quiet ionosphere
Smooth

Small graclient
Distur[i,ecl

ionosp ere
Large gradient
Curvature

lrregular
structures

Acb’)acent dro
showing 50 TECU
iHerence

Pi, 2006
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