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Photo by Ron Evans on Apollo 177 ~18,300 miles
from Earth on his way to the Moon, December 7, 1972






sclence

the best way we have devised to generate reliable information about physical reality

reproducible observations

. . | curiosity testable hypotheses
ethics & integrity

o truth™ seeking |
scepticism uncertainty

humility in the face of our ignorance
quantification measurement

* “Truth Is what stands the test of experience.” Einstein, 1953



™ = 3.14159265358979323846264 33383
279502884197169399375105820974...

Informal Reference Value Approx. Accuracy
first order 3 95.5%
second order 3.1 98.7%

third order 3.14 99.9%



First Generation Current Generation

1885 Benz Motorwagen 2024 Honda Prologue EV
gasoline engine, 0.8 hp electric engine, 288 hp



The basis of our current understanding
of plate tectonics: reference frames,
precise positioning, and data collection
enabled by satellite systems

https://CroninProjects.org/Oct2024/Introduction



Enabling Technologies

Basic Infrastructure

» Computer and data storage technology

« Communication technology (internet, optical fiber,
cell transmission, communications satellites)

* Engineering (space, aeronautical, oceanic, software,
geophysical networking)

 Mathematics and computer science



Enabling Technologies

Defining coordinate systems and finding positions

* Very-Long Baseline Interferometry (VLBI)

e Satellite Laser Ranging (SLR) and Lunar Laser Ranging
(LLR)

* Global Navigation Satellite System (GNSS) with the
US Global Positioning System (GPS)

* Doppler Orbitography and Radiopositioning Integrated
by Satellite (DORIS)



Enabling Technologies
Defining the shape of Earth’s surface (geodesy)

* Positioning technologies, especially GPS

e Satellite gravity measurements

e Satellite radar altimetry

e Synthetic Aperture Radar

e | aser imaging, detection, and ranging (LIDAR)



. ' https://svs.gsfc.nasa.gov/11031



Very Long Baseline Interferometry
VLBI




Using Quasars to Measure the Earth: A Brief History of VLBI

T

O D R RD.
SPACE FLIGHT CENTER

WWW.nasa.gov/goddatcs
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12-meter radio telescope, used for VLBI geodesy

-

McDonald Geodetic Observatory near Ft. Davis, Texas — a joint project by The University of Texas at Austin
Center for Space Research, McDonald Observatory, and NASA’'s Goddard Spaceflight Center

https://mcdonaldobservatory.org/research/telescopes/mgo




24 Hours with the 12-Meter Radio Telescope at the

McDonald Geodetic Observatory, Ft. Davis, Texas






Satellite Laser Rangefinding
SLR




https://svs.gsfc.nasa.gov/11031



Doppler Orbitography and
Radiopositioning Integrated by Satellite

DORIS



Doppler Orbitography and
Radiopositioning Integrated by Satellite

DORIS

i & AN
=

DORIS’s unique network of ground stations and its highly accurate positioning capability are valuable for
geodesy and geophysics applications: measuring lithospheric motions, supporting the local geodesical network,
monitoring deformation of the crust, determining the rotation and gravity parameters of the Earth, and

contributing to the international referenc system. Adapted from www.aviso.altimetry.fr



Global Positioning System
€] 243



A few words about the Global Positioning System...

« Constellation of at least 24 satellites
(31 today)

« Each satellite follows one of 6 circular
orbits 20,200 km above Earth inclined
55° to the equator

» At least 6 satellites always “visible”
from any place on Earth

* 11 hr 58 min orbital period
* 16 ground monitoring stations

» Each satellite passes over a ground

monitoring station every few hours
Adapted from UNAVCO EO presentation, 2007




The Global Positioning System
IS comprised of three segments.

7% GPS A space segment of signal-broadcasting

| Satellites tellit
. Qe satelllites.
""’g' »

Navigation A control segment of monitoring

Message

o ground stations that upload

//]] accuracy-enhancing

ot corrections.
' | | Signal-In

' = R——— And a user segment of

GPS Master Control Station position-calculating

'OCS Monitor ESSION Orbit Prediction recejvers.

'« Stations Message i
| i g’ Generation % Propagation
e : GPS Observations Kalman State
Kalman Estimates

GPS Observations Filter

Orbit
Earth Orientation ‘f éﬁacl)i?y > Quality
NGAGPS Pole Prediction Geophysical Assurance Sl e
Processing Inputs from Models +—
: Other Sources ,
NGA Monitor Post-fit Eoh . Other Orbit Truth https://www.gps.gov/cgsic/meetings/2018/
Stations e Sources (e.g. IGS) kawakami.pdf




Orbital

Plane
A

B
C
D
E
F

SVN

Type
Clock

SVN Type Clock SVN Type Clock SVN Type Clock SVN Type Clock SVN Type Clock SVN Type Clock
65 IIF RB 52 RB 64 IIF RB 48 RB — — — 79 1] RB

56
57
61
69
70

Satellite Vehicle Number

lIR
lIR-M
lIR
lIF
IIF

RB
RB
RB
RB
RB

62
57
73
95

Satellite block type (design model)

RB =rubidium clock
CS=cesiumclock

lIR-M lIR-M
[IF RB 44 lIR RB 58 lIR-M RB
lIF RB 72 lIF CS 53 lIR-M RB
—_ — 45 lIR RB 67 lIF RB
lIF CS 50 lIR-M RB 51 lIR RB
lIR-M RB 68 [IF RB 74 1] RB

Operational GPS Satellites and their
Orbital Planes & Slots on September 1, 2024

https://www.navcen.uscg.gov/gps-constellation

71
99
78
76

[IF
lIR
1|
1|

RB
RB
RB
RB

77

75

43

lIR

RB

RB

RB



The current Block lll GPS satellites

carry laser reflectors (bottom photo)
so their orbits can be measured using
SLR to sub-cm precision.

This provides the finest precision
orbital determinations we are
currently able to compute.

The GPS satellite constellation is

integral to define ITRFxX reference
frames.

https://www.gps.gov/cgsic/meetings/2018/kawakami.pdf



GPS Control Segment

_\Greenland
@ Alaska
| o
Scf(l:l'cl)legrt‘;rd»gFB United Kingdom
~\New Hampshire
Vandenbers ATD o *® @ USNO Washington
@ A Cape Canaveral
e Florida @ Bahrain
Hawaii
@ Ecuador
®_
o A\
Ascension Diego Garcia
@ Uruguay ~

W Master Control Station
A Ground Antenna

@ Air Force Monitor Station

South Africa

¢ Alternate Master Control Station
_ AFSCN Remote Tracking Station

® NGA Monitor Station

South Korea@

\
Guam

Australia

@®_

Kwajalein

New
Zealand



A few words about the GPS Signal...

GPS Satellite
clock, Ts

Transmitted signal
of known code (either

GPS Receiver «— P=c¢(T-1,)
Pseudorange

GPS is basically a timing system

* Receiver firmware correlates received signal with
replica model

» Observed time delay x c is “pseudorange”

C/A or P code)

Received signal, driven by satellite clock I

et ie—————ling
@F_I L

Model signal, driven by receiver clock T,

—»

(Mayer and Olds, 2007, after Blewitt, 2002)




A few words about the GPS positioning precision...

» Pseudorange positioning
— hand-held GPS: a few meters
— hand held GPS receiving differential corrections: ~1 meter
— differential pseudorange with “carrier smoothing:” ~10 cm
— limited by multipath errors

 Dual-frequency carrier phase positioning
— hand-held GPS using RTK base station: ~1 cm relative
— geodetic GPS (global): 2-3 mm horizontal, 7 mm vertical
— geodetic GPS (regional): 1-2 mm horiz., 3-5 mm vertical

(Mayer and Olds, 2007, after Blewitt, 2002)






Space Segment of GPS

Corrected Range

‘ Position Determined from
Pseudorange

‘ Actual Position After
Correcting Time Error

" Signals from four GPS satellites
are needed to solve for the four
AV unknowns of location (X, Y, Z)

- and time.

Trilateration using distances
from receiver to satellites




Coordinate systems and reference
HEINES




A reference frame is needed to specify position or velocity

The reference frames we will use are all Cartesian right-orthogonal
coordinate systems. The three coordinate axes have the same scale,
and are all oriented at right angles (90°) to each other.

The Y axis is a right-handed (anticlockwise) rotation from X around Z.
The Z axis is a right-handed rotation from Y around X. The X axis is a
right-handed rotation from Z around Y.

Z

> . 7\':
!

' René Descartes

Frans Van Schooten



A reference frame is needed to specify position or velocity

The reference frames we will use are all Cartesian right-orthogonal
coordinate systems. The three coordinate axes have the same scale,
and are all oriented at right angles (90°) to each other.

Y=/XX
In vector (matrix) math: X =YX Z
/=XXY

&

Z

%‘%

Rene Descartes

Frans Van Schooten



A Cartesian coordinate system v
can be transformed to any
other Cartesian coordinate
system through a specific set
of translations, rotations, or
scale conversions




Reference Frames: Overview

International Celestial Reference Frame

An inertial reference frame whose origin is at the barycenter of the solar
system and whose axes are fixed with respect to very distant objects
beyond the galaxy (mostly quasars). The coordinates of these objects are
are determined by Very Long Baseline Interferometry (VLBI).

International Terrestrial Reference Frame
An Earth-centered Earth-fixed no-net-rotation reference frame

World Geodetic System 1984 (WGS84)

The reference ellipsoid used by GPS as the average shape of Earth;
generally aligned with ITRF

Local tangent-plane reference systems
Used for small areas where the curvature of Earth is not significant



International Celestial Reference Frame (ICRF)

An inertial reference frame whose origin is at the barycenter of the solar
system and whose axes are fixed with respect to very distant objects
beyond the galaxy (mostly quasars). The coordinates of these objects are
are determined by Very Long Baseline Interferometry (VLBI).

The barycenter is the center of mass of the solar system, around which
the Sun and planets orbit. Its position changes in a predictable way as
the positions of the planets change.

The X and Y axes are on the ecliptic plane, and the Z axis is perpendicular
to that plane. The X axis passes through Earth’s center at the vernal
equinox.

The ICRF maintained by the International Earth Rotation and Reference
Systems Service (IERS) of the International Astronomical Union.
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Photo from Curiosity Rover on Mars
~99 million miles from Earth, January 31, 2014



ICRF3X Defining Sources Only

Sun
\@ Earth at Vernal

Equinox
v |
Solar S yS tem ~93 mill; on miles \‘

Barycenter X




Map of Extra-Galactic Sources (mostly quasars) for ICRF-3X
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The International Celestial Reference System is maintained by the International Astronomical Union (I1AU)
and the International Earth Rotation and Reference Systems Service (IERS)
https://www.iers.org/IERS/EN/Home/home_node.html



International Terrestrial Reference Frame (ITRF)

The ITRF’s origin is Earth’s center of mass (oceans & atmosphere included.
The uncertainty in the location of the origin is on the order of a centimeter.

The positive Z axis Is along Earth’s average spin axis, which passes through
Earth’s center of mass.

The X and Y axes are on the equatorial plane, perpendicular to the Z axis.

The Z and X axes are in the plane of the Prime Meridian (PM). The PM’s
location was originally defined in 1884, and redefined by the International
Union of Geodesy and Geophysics (IUGG) in 1984. It is about 102 meters
east of the original line through the Royal Observatory Greenwich, England.

The ITRF maintained by the International Earth Rotation and Reference
Systems Service (IERS) of the International Astronomical Union.



VLBI provides the only | ITRF2020 Sites o DORIS, SLR, and GPS/
direct connection to an GNSS are essential
iInertial reference s0° for precise orbit
frame determination




Geographic and Cartesian coordinate
systems, conversions, and coordinate
transformations




North-Pole «

Earth
Centere
S
Geographic q‘/a tor
coordinates Earth-fixed
on sphere Earth-centered

of unit radius reference frame



North-Pole

Earth
Centere

Geographic
coordinates Earth-fixed
on sphere Earth-centered

of unit radius reference frame



North-Pole

S
Geographic q‘/a tor
coordinates Earth-fixed
on sphere Earth-centered
of unit radius reference frame
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Geographic q‘/a tor
coordinates Earth-fixed
on sphere Earth-centered
of unit radius | reference frame



North-Pole

S
Geographic u dtoy
coordinates  \ Earth-fixed
on sphere T Earth-centered
of unit radius  \_ | reference frame




North-Pole A = longitude
¢ = latitude
B
-y
12,
—
®
>
£/ Earth &
E Center

& y
q(la tor N\

Geographic
coordinates \ Earth-fixed
on sphere R Earth-centered

of unit radius '\ | reference frame




Geographic
coordinates
and Cartesian
axes on sphere
of unit radius

North-Pole

Earth-fixed
Earth-centered
reference frame



Geographic
coordinates
and Cartesian
axes on sphere
of unit radius

North-Pole

Earth-fixed
Earth-centered
reference frame



A = longitude

7 ¢ = latitude
Geographic > Y
coordinates X A
and Cartesian Earth-fixed
axes on sphere Earth-centered

of unit radius reference frame



Unit vector components A = longitude
of position vector P given / 7 (b — |atitude
latitude and longitude

x, = (cos[d] cos[])

Yp = (cos[d] sim[A])

z, = sin| Q]

d
= Y

Cartesian X A
coordinates Earth-fixed
on sphere of Earth-centered

unit radius reference frame



A = longitude
¢ = latitude

Unit vector components
of position vector P given
latitude and longitude

x, = (cos[®] cos[\])
)p = (cos[d] sin[r])

P {0.3687, 024394, 0.8192}

z, = sin|[Q] .
o
%
=
Y
Cartesian
coordinates Earth-fixed
on sphere of Earth-centered

unit radius reference frame



10.3687, 0.4394, 0.8192}

Y
Cartesian X
coordinates Earth-fixed
on sphere of Earth-centered

unit radius reference frame



Local tangent-plane reference frames

Used for small areas where the curvature of Earth is not significant enough
to require use of a spherical projection

(smaller than about 0.6° longitude and 0.5° latitude or about 50 km square)

Suitable for map representations of horizontal velocities for individual
GPS sites or small clusters of GPS sites.



Local Cartesian
reference frame
on a plane that

Is tangent to

North-Pole — +N axis: north directed
* ~ along a meridian

/ U/ > .. +E axis: east directed
N ~along a parallel
= \_+U axis: up directed

the gl9be _at - . perpendicular to
the midpoint .0 ot \ the tangent plane
of the map g Ig e
O P
=
O
£
-
Al
E Y
(EY or |X Earth-fixed
N surface-point-
centered
| / reference frame




Given these reference frames and
precise orbital determination for
our geophysical/geodetic satellites,
we can map the world with
significant locational precision




Ship Tracklines of
Multibeam Bathymetric
Surveys

https://sos.noaa.gov/catalog/datasets/ship-tracklines-of-multibeam-bathymetric-surveys/



Figure 1. A pulse-limited radar altimeter orbits at an altitude of
about 800 km and measures the distance to the closest ocean
surface by recording the travel time of a pulse. A global tracking
network along with precise orbit calculations based on the JGM-3
gravity model [Nerem et al., 1994] is used to establish the height
of the satellite above the reference ellipsoid (dashed curve). We
assume the sea surface height above the ellipsoid is equal to the
geoid height so permanent sea surface slopes associated with
currents will appear as false anomalies in our gravity solution.

Sandwell and Smith, 1997

SOONS
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Anomaly EIGEN-6C4 - Ellipsoid | = 2 - 720 grid = 0,5° 500 (108°,72°) light = (11°,23%.3,0)
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EIGEN-6C4 global gravity field model
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Anomaly EIGEN-6C4 - Ellipsoid 1 = 2 - 720 grid = 0,5° 500 (346°,60°) light = (11°,23°,3,0)
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Foerste et al., 2014
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EIGEN-6C4 global gravity field model Foerste et al., 2014



New global marine gravity model from CryoSat-2 and Jason-1 reveals buried tectonic structure:
Science, Volume: 346, Issue: 6205, Pages: 65-67, DOI: (10.1126/science.1258213), 2014



World Digital Magnetic
Anomaly Map
(WDMAM) version 2.1

Magnetic field at 5 km
elevation above mean sea
level, combining satellite
and other observations

-180° -150° -120° -90° -60" -30° O° 30° 60° 90° 120° 150° 180°
nT

500 Choi, Y., Dyment, J., Lesur, V., Garcia Reyes,
400 Catalan, M., Ishihara, T., Litvinova, T., Hamoudi, M.,
300 the WDMAM Task Force*, and the WDMAM Data
200 Providers**, 2023, World Digital Magnetic Anomaly
108 Map version 2.1, map available at
~100 http://www.wdmam.org.
-200
-300 Lesur et al., 2016, Building the second version of the World
-400 Digital Magnetic Anomaly Map (WDMAM): Earth, Planets and
-500 Space, v. 68, article 27,

https://doi.org/10.1186/s40623-016-0404-6
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of Earth’s topography
and bathymetry

Incorporates results from
Shuttle Radar Altimetry,
satellite laser altimetry,

shipborne sonar and
multibeam surveys, and
land surveys.

0
Elevation (km) Tozer et al., 2019, Fig. 4
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Precise position determination
enables precise mapping in geology,
geophysics, oceanography, and

geodesy
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Repeated precise position
determination over time —
Instantaneous velocity
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north ridge of
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Velocities expressed in a reference frame
fixed to the stable cratonic interior
of North America
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0\23 Velocities expressed in a reference frame
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0\23 Velocities expressed in a reference frame
fixed to the stable cratonic interior
of North America
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How else can we use
these velocity vectors?
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How can we describe this strained triangle
In a way that a geoscientist, geodesist, or
engineer might understand?



Using Velocities from a
Triangle of GPS Sites to
Investigate Crustal Strain
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How to visualize a strain ellipse (more or less)




The dashed circle 1n the 1llustrations below 1s the unstrained shape.
The extension (e) 1s zero along an axis 1f that axis 1s the same length
as the unstrained circle’s radius. If the strain axis 1s longer than the
circle’s radius, e 1s positive.

sign of
extension

strain
ellipse

typical
map
symbol




strain ellipse Map views of fault trends

that might be associated
with this horizontal strain
ellipse

strike-slip faults dip-slip faults fold hinges
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compressive (greatest
stress shortening)
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open crack \\ greatest extension
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after Cronin, 2017, AGI/NAGT Lab Manual, Fig 10.7
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GIRL

B P149
Graphic depiction of crustal

strain computed from GNSS/

B BVAL

Dog Valley fault zone, Truckee
area, California
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Horizontal extensions in

Hobart, C., 2021, Selecting Locations for
Future Geophysical Surveys in Search of
the Dog Valley Fault Using Earthquake,
LiDAR, and GPS Data: M.S. Thesis,
Baylor University, 89 p.

o)
o

N
(&)

nano-strain per year

o




41°

40°

39°

38°

N0
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